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Abstract
The objectives of this study were (1) to survey the percent hatching success
of eggs produced by calanoid copepod species from a variety of ecosystems (i.e.,
polar, temperate, and sub-tropical), (2) to describe the relationship between egg
production, hatching success of Acartia tonsa and the physical and food
environments of Florida Bay, and (3) to describe the relationships between hatching
success and maternal diet. In order to fulfill the first objective, an incubation system
was designed to allow the monitoring of eggs at sea for extended periods oftime.
The second objective was addressed with a series of egg production experiments
with the copepod Acartia tansa-from Florida Bay. Egg production and hatching
success were compared to seasonal changes in the food environment. The third
objective was addressed by experiments conducted with cultured Acartia tonsa
offered microencapsulated

artificial diets, which differed in nutrient concentration

and composition (protein:carbohydrate:lipid).
Experiments in the field were conducted between December 1993 and June
1996 and included eight species from six locations (Weddell Sea: Calanoides acutus,
Calanus propinquus, Metridea gerlachie; Irish Sea: Acartia clausi, Temora
longicornis; Gulf of Mexico: Temora stylifera, Undinula vulgaris; Port Everglades,
Florida: Acartia tonsa; Florida Bay: A. tansa). No pattern was evident in hatching
success between species from the various locations, because percentages were often
highly variable (ranges as wide as 0% to 100% for one experiment) among
individuals of the same species. A. tonsa was the exception, in that individual
variability was usually low «10%). Hatching success was found to vary on a
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seasonal basis for animals collected from Port Everglades, Florida, ranging from
60% in the winter to >90% in the summer and fall. The hatching success of eggs
produced by A. tonsa from Florida Bay, however, did not vary seasonally. Hatching
success was generally >80% throughout the year. Egg production rates in Florida
Bay, like hatching success, did not vary seasonally. Mean egg production varied
among sampling sites; however, differences among the hatching success means
determined at the four sites were not significant.
Egg production rates for A. tonsa in Florida Bay were low compared to other
locations. A temperature dependent growth model overestimated egg production
rates in Florida Bay. Principal components analysis revealed possible relationships
between egg production, hatching success, and microzooplankton biomass.
Microflagellate, dinoflagellate, and microzooplankton

biomass, in combination with

temperature or salinity were the best predictors of egg production and hatching
success at the individual sites. The lack of consistency among sites may have been
due to differences in environmental conditions at the sites, which in tum, could have
affected the biochemical composition of the algae and their grazers.
Artificial diets, microencapsulated

in a Ca-alginate matrix, were developed to

determine the relationships between maternal diet and hatching success. Artificial
diets are less variable than natural diets. Cultured animals were used to reduce age
and genotype variability. An experimental microencapsulated

diet ("Basic" diet) was

designed to support egg production with hatching success similar to that of eggs
produced on a mixed algal diet. Attempts to produce the experimental diet were only
partially successful. Egg production rates were low
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10 eggs female" d'l), but

,,

hatching success was high (>80%). The "Basic" diet was subsequently modified to
determine the effects of nutrient concentration and composition on egg production
and hatching success. The mean hatching success of eggs produced by copepods
offered the "Reduced Basic" diet (overall nutrient reduction) was lower than that of
, " eggs produced on the "Basic" experimental diet while there was an increase in the
variability. Neither egg production nor hatching success increased significantly when
the particle concentration of the "Reduced Basic" diet was doubled to approximate
the nutrient concentrations provided by the "Basic" experimental diet. The percent
hatching success of eggs produced on the "Reduced Lipid" diet was significantly
lower than that on the "Basic" diet. The mean hatching success of eggs produced on
the "Reduced Protein" diet was lower than the hatching success of eggs produced on
the "Basic" diet, but the difference was not significant.
The lowering of hatching success resulting from the reduction of dietary
lipids may be associated with the order in which nutrients are used for energy (i.e.,
crustaceans will use carbohydrates and then lipids as an energy source, resorting to
proteins when there are insufficient quantities of the other nutrients) in combination
with lipids required for egg production. The variable hatching success measured in
the field may be the result of the combined effects of the unknown age of the animals
used in the experiments, time elapsed from the last mating, the nutrient composition
of the diet and the degree to which a species utilizes it body stores (which are
affected by past feeding history) for egg production.
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Introduction

The hatching success of cope pod eggs varies seasonally (Conover, 1967;
Ambler, 1985; lanora et al., 1989; 1992; lanora and Pou1et, 1993; Laabir et al., 1995;
Chen and Marcus, 1997), and it has been suggested that the production of non-viable
eggs may contribute to seasonal fluctuations observed in copepod populations
(Ianora et al., 1989; 1992; lanora and Pou1et, 1993). The production of non-viable
eggs has been documented in a number of marine and freshwater copepod genera
[Acartia (Ambler, 1985; Trijillo-Ortiz, 1990; Chen and Marcus, 1997), Calanus
(Harding and Marshall, 1955; Conover, 1967; Marshall and Orr, 1972; Fulton, 1973;
Pou1et et al., 1994; 1995; Guisande and Harris, 1995; Laabir et al., 1995),
Centropages (lanora and Scotto di Carlo, 1988; lanora and Buttino, 1990; lanora et
al., 1992), Labidocera (Chen and Marcus, 1997), Temora (Ianora et al., 1992; lanora
and Poulet, 1993) and Diaptomus (Williamson and Butler, 1987)], but relatively few
studies have measured egg viability. While fluctuations in egg production may
contribute to seasonal fluctuations in copepod populations (Dye, 1981), the seasonal
variability in egg viability reported for Acartia tonsa (Ambler, 1985; Chen and
Marcus, 1997), Calanus helgolandicus (Laabir et al., 1995; Poulet et al., 1995),
Centropages typicus (Ianora et al., 1992) and Temora stylifera (Ianora et al., 1989),
suggests that egg mortality may also affect seasonal population cycles (Ianora et al.,
1992 and references therein).
Biological factors that can cause the production of non-viable eggs include
(1) genetic abnormalities, (2) infertility (e.g., inefficient fertilization, depletion of
sperm), and (3) past feeding history (e.g., inadequate maternal diet, and inhibitory
substances in algae). Infertility has been considered the major factor contributing to
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the production of non-viable eggs (Fulton, 1973; Parrish and Wilson, 1978; Ambler,
1985), i.e., eggs that did not hatch were assumed to be infertile. However, in a study
by Ianora et al. (1992), factors other than infertility (i.e., a nutritionally inadequate
diet) influenced the production of non-viable eggs.
This dissertation focuses on the possible link between the feeding history of
the female and hatching success of her eggs. The first objective was to document
natural levels of egg viability in several copepod species from diverse ecosystems.
The second objective was to ascertain the relationship between egg production,
hatching success, and the physical and biotic environments in one of these
ecosystems. The third objective-was to describe the influence of mate mal diet on egg
viability.
The first objective was addressed by a series of experiments at sea conducted
between 1993 and 1995 (Chapter 1), which encompassed a variety of ecosystems
including: subtropical (the Atlantic coast of Florida, the Gulf Stream, and the Gulf of
Mexico), temperate (Irish Sea) and polar (Weddell Sea). Eight species were
surveyed, with emphasis on the nearshore species Acartia tonsa. In order to measure
hatching success at sea, a new incubation system was designed. This system allowed
the undisturbed incubation and monitoring of eggs for extended periods oftime
(Chapter 1). The chamber was watertight which permitted tabletop incubations in
temperature-controlled

rooms, as well as incubations in flow through systems. The

two part design of the inner chamber (a spawning and incubation chamber) permitted
easy removal of the female without disturbing the eggs. The incubation chamber had
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the added advantage in that it fit on the stand of a dissecting microscope, thus
eliminating the need to transfer the eggs to perform egg counts.
The second objective, to ascertain a possible relationship between egg
production, hatching success, and the physical and biological environments, involved
a year long study (June 1995 to June 1996) of egg production of A. tonsa in Florida
Bay (Chapter 2). The project was part of a larger study conducted by the Florida
Department of Environmental Protection mvestigating the algal standing stock,
primary production and nutrient dynamics in the bay.
The third objective was addressed by a series of laboratory experiments that
tested the hypothesis that egg viability decreases if the nutrients in the female's diet
are not present in the quantities required to make a clutch of viable eggs. Laboratory
experiments (Chapter 3) were conducted with cultured A. tonsa to minimize the
effects of unknown feeding history and the age of the animals. An artificial diet,
based on prawn growth diets (Deshimaru, 1982; Kanazawa, 1982), was developed to
test the hypothesis. Artificial diets were used rather than algal diets to minimize the
variation in nutrient concentration and composition, which can occur as algal
cultures age or as growing conditions change (J6nasd6ttir, 1994 and see references
therein). The diet was then modified systematically to determine the roles that food
quality and quantity play in the production of viable eggs.
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Chapter 1
A New Incubation System for the Measurement of Copepod Egg
Production and Egg Hatching Success at Sea

5

Abstract
This chapter describes the design and testing of an incubation system for
studying copepod egg production and hatching success that allows undisturbed
incubation and monitoring of eggs at sea for extended periods of time. The
incubation system was tested with copepods from polar (Weddell Sea), temperate
(Irish Sea), and subtropical (Atlantic Coast, Gulf of Mexico, and Gulf Stream) seas
between 1993 and 1995. Individual female copepods sorted from plankton tows were
incubated at ambient temperature and photoperiod (5% incident light) for 24 hours in
prescreened (size determined by egg diameter) water from the sampling location.
The incubation system consisted of an upper spawning chamber that housed the
female and a lower incubation chamber. After 24 hours, the chambers were separated
and the eggs were permitted to incubate some 24-96 hours longer while being
monitored under a microscope to determine the onset of hatching. When nauplii were
detected in each of the experimental containers, eggs and nauplii were incubated an
additional 24 h to allow adequate time for the eggs released near the end of the
spawning period to hatch.
Nine experiments were conducted to compare this incubator and protocol
with a "standard" technique for measuring egg production. Mean egg production
rates measured by both techniques were not statistically distinguishable in 7 of the 9
runs. In the two trials that differed, eggs production rates measured by the incubation
system were lower than those measured by the standard technique.
A total of 14 experiments were conducted with the incubation chambers.
Hatching success was variable between and within species. Hatching success
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measured in 11 of the 14 experiments averaged < 70%, suggesting that a substantial
portion of egg production is not viable. The possibility exists that some eggs
disintegrated during the extended incubation in 6 out of 14 experiments. This
emphasizes the importance of performing egg counts upon removal of the female so
as not to underestimate the rate of egg production or overestimate hatching success.
The incubation system permits the estimation of egg production, hatching success,
and the disintegration of delicate non-viable eggs.
Key words: calanoid copepods, egg production, hatching success

1.1. Introduction
Egg production, measured by controlled incubations of copepods
immediately after capture, is important for describing copepod population dynamics
(Runge, 1988). It has also been suggested that variability in egg mortality, rather
than egg production, may be a source of fluctuating copepod abundances (Ambler,
1985; Kierboe et al., 1988, lanora & Buttino, 1990; Peterson & Kimmerer, 1994).
That is, egg production or reproductive effort, may not be equivalent to reproductive
output (offspring survival) due to egg mortality. One source of egg mortality is the
production of non-viable eggs. Egg hatching success (nauplii produced/total eggs
produced in 24 h x 100%) has been measured in a few calanoid copepod species and
has been found to range from 0% to nearly 100% (Conover, 1967; Fulton, 1973;
Ambler, 1985; lanora et al. 1989,1992; lanora & Pou1et, 1993; Trijillo-Ortiz, 1990,
Poulet et al., 1994; Guisande & Harris, 1995, Laabir et al., 1995b). It is necessary to
accurately count the eggs produced, repeatedly as necessary, during the incubation
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to measure hatching success. In addition, it is important to incubate the eggs in the
container in which they were spawned so that the non-viable eggs, which can easily
rupture and disintegrate, are retained for counting (Ianora et aI., 1989).
Egg mortality rates in situ have been estimated by comparing egg production
rates measured in the laboratory with observed abundances of female copepods and
eggs (Peterson & Kimmerer, 1994). This approximation encompasses both biological
(e.g., predation, hatching failure, disease) and physical (sinking, advection) loss
terms. To my knowledge, egg loss attributable to hatching failure has not been
measured outside land based laboratories. To perform such studies in ship based
laboratories, I designed a two stage incubation system that (1) permitted incubations
in flow through incubators, (2) separated the female copepod from her eggs to
prevent egg cannibalism, and (3) allowed the prolonged monitoring of copepod eggs
without disturbance. In this chapter, I describe the design and use of this incubation
system and consider its effectiveness in ship board studies. A comparison was made
between egg production rates measured with this system to rates measured by
standard bottle techniques. In addition, hatching success data are presented for
copepods from polar, temperate, and sub-tropical environments.

1.2. Materials and Methods
1.2.1. Egg incubation system
Two criteria were considered during the design ofthe incubation system: (I)
the eggs need to be incubated and counted in the experimental container to minimize
disturbance which can cause delicate, non-viable eggs to disintegrate (i.e., they
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cannot be transferred to a new container) (Ianora et aI., 1989, 1992) and (2) the
container needs to be rugged and versatile to meet the demands of ship board
incubations (i.e., flow through incubation systems). The incubation system designed
consists of2 stages: a spawning chamber and a incubation chamber (Fig. 1.1). These
are attached to one another and placed inside a cylindrical "outer" housing. The
chambers and outer housings are fabricated from Plexiglas.
The spawning chamber (Fig. I.la) consists ofa cylinder 12.5 em in diameter
x 10 em high (volume= 1.11) with removable 335 11mor 202 11m(depending upon
egg diameter) mesh Nitex at the bottom, held in place with an O-ring. The mesh was .
permanently installed for experiments conducted with A. tonsa, because of the
tendency of this species to become caught between the mesh and the side of the
spawning chamber. When the female copepod spawns her eggs, they fall through the
mesh into the incubation chamber (Fig. 1.1b) while the female is retained in the
spawning chamber. This aspect of the design is not novel. During incubations, the
top of the chamber is sealed with a Plexiglas, snap-on lid.
The incubation chamber (Fig. l.Ib) is 12.5 ern in diameter x 3.8 em high
(approximate volume= 0.4 I) and can be placed directly onto the stage of a dissecting
microscope. A grid is etched into the bottom of each dish to facilitate the counting of
eggs. The incubation chamber is sealed with a snap-on lid after the female is
removed (see below).
The outer housing consists of two parts to facilitate removal of the incubation
chamber without disturbing the eggs (Fig. 1.lc). These are pressed together with a
small amount of silicone grease. The seam is then wrapped with electrical tape. The
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tube

silicone grease does not affect egg production (Kleppel unpub!. observation).
1.2.2. Experimental protocol
Each incubation system was assembled by placing the incubation chamber
into the outer housing. Two plastic drinking straws (0.5 em diameter x 16 em long)
and a siphon tube (0.5 em diameter x 70 em long) were positioned between the
incubation chamber and the outer housing to keep it stationary. The spawning
chamber was then inserted into the outer housing. The straws and siphon tube serve
as braces to maintain the position of the spawning chamber over the incubation
chamber. The container was filled with seawater which had been prescreened
through Nitex mesh (size determined by egg diameter) to prevent contamination by
eggs, nauplii and large zooplankton. A single copepod (females were sorted on the
basis of the presence of ripe oocytes or attached spermatophores) was pipetted into
the spawning chamber and the chamber sealed with a snap-on lid. The siphon was
coiled inside the outer housing, and this was sealed with a snap-on lid.
After 24 h of incubation, the water was simultaneously siphoned from the
outer housing and the spawning chamber. As the water was removed from the
container, it was filtered through 35 urn mesh to capture any eggs and nauplii that
may have entered the outer housing during the incubation period or as the water was
drained. After the water was removed from all but the incubation chamber, the
spawning chamber was removed and the copepod transferred to a petri dish to assess
her condition. The upper and lower outer housings were separated and the incubation
chamber removed. The lower portion of the outer housing was then rinsed with
filtered seawater, which was poured through the 35 urn mesh and the contents of the
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mesh rinsed into the incubation dish. Eggs were counted under a dissecting
microscope and the incubation chamber sealed with a snap-on lid for continued
incubation.
Eggs were monitored daily, for as many as six days with a dissecting
microscope. When nauplii were detected in each replicate, the eggs were incubated
for an additional 24 h to allow adequate time for eggs released toward the end of the
spawning period to hatch. The protocol for the final 24 h incubation of eggs was
based on observations that development rates of eggs from different clutches may
vary by as much as a day, although, eggs from the same clutch develop at much the
same rate (Marshall & Orr, 1955). After the final 24 h of incubation, eggs and
nauplii were gently filtered onto 35 urn mesh Nitex and fixed with acid Lugol's
iodine for final microscopic examination.
1.2.3. Experiments
The incubator was tested extensively under a variety of conditions (e.g., near
freezing to sub-tropical temperatures, flow-through incubations) (Table 1.1). The
first tests were conducted in the northwest Weddell Sea off the coast of Antarctica
between November 29 and December 13, 1993. Calanoides acutus was used in four
trials and Metridia gerlachei was used in one trial. Zooplankton was collected from
the upper 200 m ofthe water column with a I m2 opening-closing plummet net
(mesh size= 160 urn) equipped with a solid cod end (Hopkins & Torres, 1989).
Females of the desired species were sorted into individual incubation chambers
which were filled with prescreened (100 urn) seawater and incubated for 24 h in a
refrigerated container at ambient temperature (0±2° C) and a 19L:5D (approximately
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ambient) photoperiod.
The incubation system was also tested in the Irish Sea with Acartia clausi
(June 1994: central stratified region; August 1995: centralstatified

region and

Dundalk Bay) and Temora longicomis (June 1994: Dundalk Bay). Zooplankton was
collected from the upper mixed layer by vertically towing a 0.5 m diameter ring-net
(200 urn mesh). Copepods were sorted into individual chambers filled with
prescreened seawater collected with Niskin bottles from the upper mixed layer. The
chambers were incubated in shipboard incubators maintained at ambient temperature
by a constant flow from the ship's seawater system. Light levels were reduced to ca.
5% of ambient by two layers of nylon screen to reduce the photo-oxidation of protein
in the copepods.
Egg production rates of C. acutus and M gerlachei were measured
concurrently with the standard bottle technique similar to that used by Lopez et al.
(1993). The results of the experiments conducted with C. acutus were published by
Roberts et al. (1994). For experiments conducted with the standard bottle technique,
copepods (8 to 12 individuals) were sorted into 17 I containers filled with
prescreened

(100 urn) surface seawater. After a 24 h incubation period, the

copepods and eggs were filtered onto 35 urn mesh Nitex and preserved with acid
Lugol's iodine for microscopic examination. In the Irish Sea, egg production rates
for A. clausi and T. longicomis were measured by both techniques. Egg production
was measured by the standard bottle technique which consisted of sorting 10
copepods into 1-1bottles filled with prescreened seawater (100 urn). The bottles
were incubated for 24 h and the experiment was terminated as described above.
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Finally, the incubation system was used to measure hatching success of
copepods from polar and sub-tropical environments.

Calanus propinquus from the

Weddell Sea were collected and the experiments conducted in the manner described
for C. acutus and M gerlachei. Acartia tonsa (Atlantic coast of Florida, July 1994)
from Port Everglades, Florida, were collected by oblique tow of a 0.5 m diameter
net equipped with a 202 urn Nitex mesh and a solid cod end. Water for experimental
set-up was collected with a bucket prior to the plankton tow. Incubation chambers
were filled with surface water pre-screened through 53 urn mesh to remove large
zooplankton, copepod eggs and nauplii. The incubation chambers were incubated in
a walk-in incubator (28° C, 14h!10h lightJdark cycle).
Experiments were conducted with Temora stylifera and Undinula vulgaris
collected in the Gulf of Mexico during August, 1994. Copepods were collected by
oblique tows of a 0.5 m diameter net equipped with a 202 urn Nitex mesh. T.
stylifera were collected at a nearshore site (28°00.3 7' N, 83°04.51' W); U vulgaris
were collected at an offshore site (27°58.73' N, 84°50.50' W). Water was collected
with ruskin bottles for all experiments and filtered through 53 urn mesh [from 0 m
and 12 m for the experiments with T. stylifera and above the thermocline (30 m) for
experiments with U vulgaris]. Chambers were incubated in shipboard incubators. In
addition, U vulgaris were collected during a December 1995 cruise of the Gulf
Stream, east of Port Everglades, Florida. Copepods were collected by surface tow of
a 0.75 m net equipped with 202 urn Nitex mesh, and surface water was collected by
bucket for experimental set-up and for the transport of the animals to Nova
Southeastern Oceanographic Center. Experiments were conducted in the manner
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described for A. tonsa.

1.3. Results and Discussion
1.3.1. Performance of incubation system design features
The incubation system was used successfully under ship board conditions
which included exposure to near freezing temperatures for 24 h. During studies in
the Irish Sea, the water tight seal permitted incubations in flow-through seawater
systems. Ianora et al. (1989) incubated copepods in crystallizing dishes to minimize
disturbance and possible damage of the eggs. Open dishes, however, are impractical
in the field unless the containers are incubated in a stable, temperature controlled
room. The two part design of the inner chamber made it possible to incubate and
monitor the eggs in the same container. A drawback to this system is that food will
sink during incubation. However, some mixing may occur when the containers are
incubated in flow-through seawater systems.
In addition, the design may have reduced egg cannibalism by separating the
females from their eggs. It has been suggested that empty egg cases not associated
with nauplii are produced by cannibalism (Dagg, 1977). No empty egg cases were
found in the incubation chambers of the incubation system prior to the onset of
hatching. However, in comparative studies (described below) with C. acutus, in
which copepods were not separated from their eggs, empty egg cases were abundant;
the incidence of cannibalism averaged 55% oftotal production.
1.3.2. Comparison with standard techniques
Comparisons were made [Mann-Whitney U test (Siegel, 1956)] between egg
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production rates (the number of eggs produced during a 24 h incubation period)
measured by standard bottle techniques and with the incubation system on nine
occasions (Table 1.1). Mean egg production rates measured by the two techniques
differed significantly on only 2 of9 occasions (C acutus on December 5,1993 in the
Weddell Sea and A. tonsa on June 20, 1994 in the Irish Sea). The variance of egg
production (for the trials in which eggs were detected by both techniques) was
compared by the two-tailed variance ratio test (Zar, 1974). The variability of egg
production rates measured by the incubation system differed significantly from that
of the standard technique in 2 of the 6 trials (Table 1.1).
1.3.3. Hatching success
The incubation system was used to assess the hatching success of eggs of
eight copepod species (Table 1.2; Fig. 1.2). These included C acutus, Calanus
propinquus and M. gerlachei from the Weddell Sea, A. clausi and T. longicornis
from the Irish Sea and the warm temperate to sub-tropical species Acartia tonsa,
Temora styli/era and Undinula vulgaris. The length oftime between the removal of
the female and the detection of nauplii varied with the environment. In sub-tropical
species, the onset of hatching occurred within the 24 h spawning period. Eggs
produced by polar species were incubated for 4-5 days before nauplii were detected.
Hatching success varied both within and between species, but on average,
more than 80% of the eggs produced by A. tonsa, M gerlachei, and U vulgaris
(from the Gulf Stream) hatched. The mean hatching success of eggs produced by A.
clausi, C acutus, C propinquus, T. longicornis,
the Gulf of Mexico) ranged from 17 % to 69 %.
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T. styli/era, and U vulgaris (from

.o

.-

o

';0

o

d~

~

'"
d

--'

i

,,.
.-

'"=

v-,

o
6

0;

>
c..

V

'"
",6

N

.-

.-

00

o

",'"

00

o

00.-

00

00

N

.-

N

.-

00 00

'E."

'"

."

.....'"

S

='"

=

'"

~
I";l

+1

...-

'"e

=-

'" '"

'"'"
.~
'"e,
'"
'"

.......l()

()
Q)

0
Q)

o r.......

U
Q)

ClClClCl

= ..~

".;o

~

=

"'."

o
...l '"

17

U
Q)

o
N

§
.....,

'"

00 .OJ)

OJ)

;:l

;:l

-<-<

Table 1.2. Total eggs produced per experiment and the range of individual egg
production for copepods from polar, temperate, and sub-tropical environments. (n.:
total females; np: number of females that produced eggs; DB: Dundalk Bay; SSR:
summer stratified region ofIrish Sea)
Species

location

Or

op

eggs

raoge

C. acutus

pack ice

6

3

158

0-61

C. acutus

ice edge

3

3

99

10 - 50

C. propinquus

open water

2

1

32

0-32

M gerlachei

pack ice

5

1

64

0-64

M. gerlachei

ice edge

3

3

9

2-5

A. clausi

SSR/June 94

12

11

43

0-9

A. clausi

SSR/Aug 95

8

8

68

4 - 14

A. clausi

DB/Aug 95

8

8

88

5 - 17

T. longicornis

DB/Jun 94

12

10

106

0-26

A. tonsa

Port Everglades

11

10

204

0-34

T. stylifera

Gulf of Mexico

10

6

8

0-2

T. stylifera

. Gulf of Mexico

11

2

15

0-14

U. vulgaris

Gulf of Mexico

12

4

6

0-3

U. vulgaris

Gulf Stream

9

5

10

0-3
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Figure 1.2. Mean hatching success ± standard error (vertical lines) of the eggs of
copepods from polar, temperate and subtropical environments. [Weddell SeaC.a.: C. acutus; C.p.: C. propinquus; M.g.: M. gerlach;' Irish Sea- A.c.: A. cleust;
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ice; IE: ice edge; OW: open water; SSR: summer stratified region; DB: Dundalk
Bay]
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Several studies have attributed hatching failure to infertility (Marshall & Orr,
1955; Parrish & Wilson, 1978; Ambler, 1985; Ianora et al., 1989), and infertility may
have been a cause for the failure of some of the eggs to hatch during the study. It is
possible that infertile eggs were not detected during the initial count (after the
removal of the females), since Ianora et al. (1989) reported that most unfertilized T.
stylifera eggs disintegrated within 1-2 h of deposition, while others took several days
to decompose (also see below).
The possibility exists that females used in an experiment are not fertilized,
which could result in an artificially low percent hatching success in relation to the
actual hatching success for the population. One technique to assure that the copepods
are fertilized is to use only females with attached spermatophores. This option could
prove unreliable, however since some species such as T. stylifera, lose
spematophores after mating (Ianora et al., 1989). A second approach is to incubate
males with the females. However, males may not be present in the population; male

C. acutus are only found in the Weddell Sea during the spring of the year (SchnackSchiel & Hagen, 1994). In addition, incubation with a male may not ensure 100%
hatching success. Egg viabilities of <1 00% have been reported for several species of
. copepods (Conover, 1967; Fulton, 1973; Ambler, 1985; Ianora et al. 1989, 1992;
Ianora & Poulet, 1993; Trijillo-Ortiz, 1990, Poulet et al., 1994; Guisande & Harris,
1995, Laabir et al., 1995b). Hatching success has been found to vary seasonally for
A. tonsa (Ambler, 1985), even during periods of maximum population abundance,
indicating that a factor(s) other than the lack ofa mate was the cause of reduced
hatching success (Ianora et al., 1989). It is possible to determine whether unhatched
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eggs have been fertilized utilizing the fluorescent dye Hoechst 33342 to stain the
nuclei in eggs (Ianora et aI., 1989). Fertilized eggs contain two pronuclei, while
unfertilized eggs contain only one (Ianora et aI., 1989). This technique was not used
during this study, because the experiments were conducted at sea and an
epifluorescent microscope was not available. The possibility exists that females used
in these experiments produced unfertilized eggs, resulting in the lower than expected
«80%) percent hatch measured for the various species. In the laboratory, unmated A.
tonsa will produce eggs (Parrish and Wilson, 1978).
Another possibility for the failure of eggs to hatch during the allotted time, is .
that a portion of the unhatched eggs were quiescent subitaneous eggs or diapause
eggs (Marcus, 1980; 1990; Dye, 1985; Ban, 1992; Ban & Minoda, 1994). Without
extending the incubation for an indefinite period of time or examining histological
sections by transmission electron microscope (Santella & Ianora, 1990), it would be
impossible to determine whether the unhatched eggs were either of these two types.
A third possibility is that the unhatched eggs died during the course of the incubation
(Ianora et aI., 1992). Dead eggs are brown and grainy (Marcus, 1980) and a few of
the eggs in these studies had this appearance by the end of the incubation period.
However, failure to develop (the appearance of the eggs remained unchanged) was
apparent in some eggs (as high as 47 %) during the course of the incubation.
At least some eggs disintegrated in 6 of 14 experiments. Disintegration of
eggs was as high as 16% in C. propinquus, 20% in A. clausi, 98% in U. vulgaris and
100% in M. gerlachei. Five of the 6 clutches produced by C. acutus exhibited some
disintegration (mean = 14.5%±10.8). These data make an important point that eggs
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being used for hatching success studies must be counted immediately after the
spawning period. Delaying until after the extended incubation may result in an
underestimation of egg production and an over estimation of hatching success if eggs
disintegrate.

1.4. Summary
An incubation system was developed for egg production and egg hatching
success studies that was specifically designed for use at sea. In 7 of 9 trials, egg
production rates measured with this incubator system did not differ significantly
from rates measured by the standard bottle techniques, which were designed to
measure only rates of egg production. But unlike the standard techniques, the new
system provides an environment that permits extended incubation and monitoring of
eggs for estimation of hatching

SUCCtOSS.

Measurements of hatching success of eight

species of copepods, from sub-tropical, temperate, and polar seas indicated a wide
range in hatching success, and suggest that in many species, a substantial portion (>
30%) of the daily egg production is either not viable or exhibits delayed
development.
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Chapter 2
Egg Production and Hatching Success of the Copepod, Acartia tonsa,
and Their Relationship to the Physical and Food Environments of
Florida Bay
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Abstract
Between June 1995 and June 1996, the egg production and hatching success
of the calanoid copepod Acartia tansa were determined as part of a project
conducted by the Florida Department of Environmental Protection (FDEP) to relate
algal standing stock, primary production, nutrient dynamics, and secondary
production in Florida Bay. Experiments were conducted with animals collected from
four study sites (turbid vs. non-turbid; inner vs. outer bay) encompassing a variety of
microenvironments

found in the bay. In seven of the thirteen months of the study,

microplankton composition and concentrations were also determined for these sites
by G. KIeppe!.
Mean egg production rates at the four sites (Sprigger Bank, Captain Key,
Rankin Key, Sandy Bank) in Florida Bay were low

«

10 eggs female'l dol) in

comparison with rates measured for A. tansa from other subtropical to temperate
locations. Hatching success varied among sites, but averaged> 80% basin wide.
Egg production rates were well below
temperature-dependent

«

50%) those predicted by a

growth model, indicating that factors other than temperature

(e.g., food concentration, food composition, toxins) influenced the egg production
rates of A. tansa in Florida Bay. Dinoflagellate biomass (negative) and salinity
(positive) predicted fluctuations in egg production rates at station Sprigger Bank in
the southwest region of the bay. Variability in dinoflagellate biomass and salinity
(both negative) were best predicted by hatching success. Egg production rates off
Captain Key, located in the inner bay and to the east of Sprigger Bank, were best
predicted by micro flagellate biomass and salinity (both positive), while
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dinoflagellate biomass and salinity (both positive) predicted hatching success at this
site. Egg production and hatching success off Rankin Key, located in the turbid,
north central portion of the bay, were predicted by micro flagellate biomass
(negative) and microzooplankton biomass (positive). At Sandy Bank, located in
northwest Florida Bay, the egg production rates were predicted by dinoflagellate
biomass (positive) and salinity (negative); temperature and micro flagellate biomass
(both positive) predicted hatching success at this site.
These results demonstrate that a single parameter is not sufficient for the
prediction of cope pod egg production in Florida Bay. Measurements of the physical
environment, as well as relatively detailed descriptions of the food environment (i.e.,
taxonomic composition), are necessary for the prediction of copepod egg production.
However, hatching success and egg production were often correlated with different
variables. This suggests that requirements that must be met for the production of a
clutch of eggs may differ (exclusive of fertilization) from the requirements for the
eggs to hatch.

2.1. Introduction
Since 1987, the north central region of Florida Bay has experienced extensive
seagrass mortality and persistent nuisance algal blooms (Fourqueam et al., 1992),
resulting in a shift in primary production from the benthos to the water column
(Kleppel, 1996). Florida Bay is an important habitat for fish (Wang et al., 1994), and
in view of the changes which have occurred in the bay, a project was initiated by the
Florida Department of Environmental Protection (FDEP) to monitor the bay's algal
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standing stock, primary production, and nutrient dynamics. Six sites were monitored,
three in the northern portion of the bay and three in the south, encompassing the
broad range of water column conditions. Between June 1995 and 1996, copepod
feeding and egg production measurements were added to the parameters monitored
by the main study. The objective of the copepod portion of the study was to
determine whether copepod egg production and hatching success varied among sites
with different environmental conditions.
The egg production and hatching success of Acartia tonsa were measured at
four of the six FDEP study sites over a thirteen month period. A. tonsa was chosen
for the study because it is a common species in the estuaries of Florida (Kleppel et
a!., 1998). In addition, microplankton (phytoplankton and microzooplankton)
composition was also determined by G. Kleppel at the four sites as an indicator of
the food environment and to determine whether biological and physical
characteristics in the bay had an impact on copepod egg production and hatching
success. The relatively close proximity and yet differing physical and biological
characteristics of the sites presented an unusual opportunity to study copepod
reproductive ecology under a range of conditions.

2.2. Materials and Methods
2.2.1. Study sites
Located at the southernmost end of the Florida peninsula (Fig. 2.1), Florida
Bay is bordered by the Everglades to the north, the Keys to the south and east and
the Gulf of Mexico to the west. The bay, < 3 m in depth at its western edge, slopes
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Figure 2.1. The location of Florida Bay and the four study sites

wi:.thin the bay.
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gently to a depth of< 1 m in the east (Wang et al., 1994) and is divided into a series
of discrete basins. The basins are enclosed by mud banks and mangrove islands
(Fourqurean et al., 1993) and historically, were dominated by benthic seagrasses
(Zieman et al., 1989). Freshwater from the Everglades enters the bay along its entire
northern border (Fourqurean et ai, 1993). Water circulation during the winter months
is driven by winds out of the northwest, while tides dictate circulation during
summer when winds are reduced (Wang et al., 1994).
The sites sampled during the study are shown in Fig. 2.1. The most northern
0

0

of the two eastern sites was located in Rankin Basin (25 07.29 N, 80 48.17 W).
Rankin Basin is close to the mainland and is subject to frequent nuisance blooms.
0

0

The second eastern site was off Captain Key (25 02.38 N, 80 36.82 W) and was
0

characterized by clear water and lush seagrass beds. Sprigger Bank (24 55.03 N,
800 56.05 W), to the northwest of Long Key, is the only site not closely associated
with land and is the deepest (average depth= 2.4 ± 0.3 m) of the four sites studied.
The station of Sandy Key (250 02.06 N, 810 61.22 W), is the site of a bird colony.
Water clarity at this site is poor. This region of the bay is subject to turbulent mixing
of ocean and estuary waters due to a tidal range that is 4 times greater than at the
southwest end of the bay (Holmquist et al., 1989).
2.2.2. Sampling
Samples and measurements of egg production and hatching success by A.
tonsa were collected monthly between June 1995 and June 1996. The exceptions
were June and August when only egg production was measured. The four study sites
were sampled from two small boats deployed from the Keys Marine Laboratory
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(KML) on Long Key. One boat sampled the eastern sites (Rankin and Captain). The
second boat sampled the sites that bordered the Gulf of Mexico (Sprigger and
Sandy).
Water temperature, salinity, dissolved oxygen, and bottom depth were
measured at each site with a Hydrolab SRVR3-DL Data Logger 3 Surveyor System
with a Water Quality Multiprobe. Secchi depth was also measured at each site.
Bucket samples were collected at the surface. The zooplankton was sampled by
towing of a plankton net (0.5 m mouth diameter, 202 urn mesh Nitex) fitted with a
non-filtering cod end at the surface for 3-5 min. Cod end contents were diluted into a'
cooler for transport. To reduce the stress on the animals during transport
(approximately 3-4 h), the lids of the coolers were fitted with ice packs. In addition,
"Oxy-tabs", which chemically produce a gentle stream of O2 bubbles when placed in
water, were added to the coolers (one tab per cooler).
Egg production and hatching success were measured at the FDEP Laboratory
at Marathon Key. Copepod incubation chambers (Fig. 1.1, Chapter 1) were filled
with water that had been prescreened through 100 urn mesh Nitex to remove large
zooplankters but which retained most of the organisms upon which A. tonsa feeds.
Five females were sorted into each container (2 containers per site). To control for
eggs and Nl stage nauplii already present in the water, 1.5 I of prescreened water
(equivalent to the volume of the egg production chamber) was filtered through a 35
urn mesh (approximate diameter of an A. tonsa egg = 70 um), rinsed into a
scintillation vial and preserved with Lugol's iodine. Water samples were collected
during seven of the thirteen months to determine the microplankton composition at
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each of the four sites.
The sealed egg production chambers were incubated for 24 h in bins that
were attached to a flow-through system located on the laboratory dock. Ambient
temperature was maintained by a constant flow of seawater. Thebins were covered
with two layers of nylon mesh to provide a natural photoperiod and a reduced light
intensity (between 3% and 5% of In; Kleppel et aI., 1998). After the incubation
period, the copepods were removed and the eggs allowed to settle before the inial
counts were made (see Chapter 1 for complete description of the procedure). The
initial egg counts were made under a dissecting microscope and the catch dishes
were sealed for transport to Nova Southeastern University Oceanographic Center
(Dania, Florida). After an additional 24 h incubation (incubation period), the
contents of the dishes were filtered through a 35 urn mesh screen. The eggs and
nauplii retained on the mesh were rinsed into scintillation vials and preserved with
Lugol's iodine.
Samples were settled for 24 h in centrifuge tubes to concentrate them. The
concentrated samples were transferred to a Sedgwick-Rafter chamber and eggs and
nauplii were counted at 50 x magnification under an inverted microscope. Only
naupliar stages 1 and 2 were counted. The number of eggs and nauplii in the control
groups were subtracted from that of the experimental groups. Microplankton samples
were analyzed microscopically by G. Kleppel in the manner described previously
(Kleppel 1992). A minimum of 200 cells was counted in each sample. Cell
dimensions were measured and cell volumes were estimated with equations for
standard polygons. Cellular carbon biomass was estimated with published
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volume:carbon equations (phytoplankton: Strathmann, 1967; microzooplankton:
Beers and Stewart, 1970). Cells were identified to the lowest taxonomic level
possible, but were grouped into higher taxonomic levels [e.g., diatoms,
dinoflagellates, microflagellates (4-8 urn diameter; Tomas, 1993), micro zooplankton
(ciliates, heterotrophic dinoflagellates and a few metazoan taxa), and nanoplankton
(organisms < Sum in diameter)] (Kleppel et aI., 1996).

2.2.3. Statistical analysis

Adult female copepods do not exhibit somatic growth, thus egg production
rates (ug egg C ug female
temperature-dependent

c' d'l)

were compared to a curve which defines the

upper limit of copepod growth. The temperature-dependent

model of Kleppe Iet al. (1996b) predicted the maximum growth rate for a given
temperature. The equation
g = 0.064eOI02T

(1)

defines the curve, where g = growth rate (d'l) and T= temperature (Kleppel et aI.,
1996). Egg production rates were calculated using an egg weight of 0.031 Ilg C
(Ambler, 1985; Kleppel, 1992; but also see Huntley and Lopez, 1992 for other A.
tonsa egg weights) and variable female weights reported by Ambler (1985) for A.
tonsa from East Lagoon, Galveston, Texas. The specific female weight used in the
equation was determined by season and temperature (March-April: 2.371lg C; MayJune: 1.7711g C; July: 1.43 ug C; August-September:
February: 2.46 ug C).

JI

2.13 ug C; November-

Data were analyzed by Principal Components Analysis (PCA) (Statistica for
Windows, 4.5) to identify relationships between egg production, hatching success
and a suite of variables listed in Table 2.1. PCA is a form of Factor Analysis that
groups correlated variables together to form new derived variables or factors
(Kachigan, 1982). All data were log transformed prior to analysis with the equation
x'= 10glO(x + I) [the equation (x + 1) was used because of zeros in the data set),
with the exception of hatching success. Percent hatching success was arcsine
transformed to normalize the data that has a binomial distribution (Zar, 1974). The
factors were varimax rotated. Rotation reduces intermediate loadings on the factors
and makes the factors more distinct. Rotation also redistributes the variance among
the redefined factors so that each factor explains a similar proportion of variance in
the data set (Kachigan, 1982).
The variables were compared on a seasonal basis as determined by
temperature (warm season: June - October; cool season: November - May) and
between sites grouped by season by multi-way ANOV A (Statistica for Windows
4.5). Between site comparisons were made by Tukey's multiple camparison test for
unequal sample size. In addition, correlations were determined for parameters in the
bay and at individual sites. Stepwise multiple regression analysis was performed on
the data from each site (Statistica for Windows 4.5).

2.3. Results
2.3. 1. Seasonal and between site comparisons
Temperature and dissolved oxygen (DO) varied seasonally in Florida Bay
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Table 2.1. List of the parameters analyzed by Principal Components Analysis.

egg production

micro flagellate biomass

hatching success

nanoplakton biomass

microplankton biomass

temperature

microzooplankton

salinity

biomass

diatom biomass

dissolved oxygen

dinoflagellate biomass

secchi depth
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(Fig. 2.2a,b; Table 2.2). Mean temperatures decreased from 29.7 ± 0.90 C (mean ± I
standard deviation) during the warm season to 23.5 ± 2.90 C during the cool season,
while mean DO increased from the warm season to the cool season (5.4 ± 0.7 mg
and 6.6 ± 0.9 mg

r', respectively).

r'

The lowest salinities were measured at Captain

(27.4 ± 3.5 ppt) while the highest were detected at Sprigger (33.5 ± 2.7 ppt) (Fig.
2.2c; Table 2.3), however, salinity did not differ significantly among the sites (Table
2.3). Sec chi depths at Captain (1.5 ± 0.7 m), Sprigger (1.7 ± 0.9 m), and Sandy (0.8 ±
0.5 m) were significantly deeper than the depths measured at Rankin (0.6 ± 0.3 m)
(Tables 2.2 and 2.3). Both microplankton (warm season: 243.8 ± 172.4 urn C
cool season: 548.1 ± 611.0 urn C

± 45.2 urn C

r', cool

rl) and nanoplankton

season: 178.2 ± 226.1 urn C

r',

biomass (warm season: 44.4

rl) differed

significantly between

seasons (Fig. 2.3a-d; Table 2.2).
Egg production varied from month to month (Fig. 2.4a-d). (Missing data
were the result of the collection of insufficient animals for experimental set-up.) The
highest rates were detected during the warm season, but the rates were often < 10
I

eggs female- day" and the difference between the two means was not significant
(6.6 ± 6.2 egg female" d-I and 7.3 ± 3.5 egg female d-I during the warm and cool
seasons, respectively). Egg production rates differed significantly among sites (Table
2.3), however, Tukey's multiple comparison test failed to detect differences in egg
production among the sites. Because ANOYA's are more robust tests than multiple
range test, it is possible for a multiple range test to fail in detecting a difference
among means that was detected by an ANOYA (Zar, 1974).
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Figure 2.2. (a) Temperature, (b) dissolved oxygen, (c) salinity, and (d) secchi depth profiles for
the four study sites in Florida Bay. Vertical dashed lines represent the division between the
warm (June-October) and cool (November-May) months.
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Table 2.2. Results of the ANOV A comparing measured parameters on a seasonal
basis as determined by temperature (Warm: June - October; Cool: November - May).
(n: number of samples; n.s.: not significant)
n

F

p value

6.6 ± 6.2
7.3 ± 3.5

22
25

2.02

n.s,

88.3 ± 21.6
94.1 ± 9.6

15
25

1.21

n.s.

microplankton (>5f!m) Warm
Cool
biomass (urn C 1'1)

243.8 ± 172.4
548.1±611.0

15
12

4.77

<0.05

diatom biomass
(urn C 1'1)

Warm
Cool

61.0 ± 80.9
179.3 ± 266.1

15
12

0.64

n.s,

dinoflagellate
biomass (urn C 1'1)

Warm
Cool

42.8 ± 2.3
40.0 ± 65.0

15
12

0.07

n.s.

microzooplankton
biomass (urn C 1'1)

Warm
Cool

70.2 ± 72.2
122.8 ± 190.9

15
12

0.04

n.s.

micro flagellate
biomasstjim C 1'1)

Warm
Cool

6.1 ± 8.8
9.7 ± 7.4

15
12

1.00

n.s.

nanoplankton «5f!m)
biomass (urn C 1'1)

Warm
Cool

44.4 ± 45.2
178.2 ± 199.9

15
12

6.10

<0.05

temperature

29.7 ± 0.9
23.5 ± 2.9

23
28

35.15

<0.0001

(DC)

Warm
Cool

salinity
(ppt)

Warm
Cool

31.4 ± 4.3
30.8 ± 4.0

23
28

0.02

n.s.

secchi depth
(m)

Warm
Cool

15 ± 0.7
0.9 ± 0.9

22
28

3.09

n.s,

dissolved oxygen
(mg 1'1)

Warm
Cool

5.4 ± 0.7
6.6 ± 0.9

23
26

8.23

<0.05

Variable

Season

egg production
(eggs female' I d·l)

Warm
Cool

hatching success
(nauplii eggs' I xlOO)

Warm
Cool

---

mean ± std
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Table 2.3. Results of the between site comparison by multi-way ANOV A. Sites were
grouped on a seasonal basis (warm and dry). Sites are represented by the first two
letters of their names. Means that did not differ significantly, as determined by
Tukey's multiple comparison for unequal sample sizes, are connected by a vertical
line. (n: number of samples; n.s.: not significant)

± std

Variable

site

mean

egg production
(eggs female'l d'l)

RA
CA
SA
SP

7.9
6.3
4.3
4.0

hatching success
(nauplii eggs" xl00)

CA
RA
SA
SP

98.3
91.4
91.1
88.9

microplankton (>5~m)
l
biomass (urn C r )

RA
SA
SP
CA

741.8
358.8
253.9
156.1

diatom biomass
(urn C rl)

RA
SA
SP
CA

210.6
146.0
79.1
23.2

dinoflagellate
l
biomass/urn C r )

microzooplankton
biomass
(urn C rl)

n

F
4.01 *

p value

± 7.2
± 3.8
± 3.5
± 2.5

11

± 3.6
± 17.6
± 18.7
± 15.4

10
9
10
11

0.59

n.s.

± 714.1
± 285.3
± 206.7
± 94.4

7
6
7
7

2.65

n.s.

± 311.5
± 185.2
± 109.5

2.07

n.s.

± 10.4

7
6
7
7

CA
RA
SA
SP

20.4 ± 11.3
101.8 ± 92.9
26.5 ± 19.8
15.5 ± 17.2

7
7
6
7

0.84

n.s.

RA
SA
CA
SP

229.1 ± 218.7
8'1.4 ± 94.0
53.2 ± 54.5
35.5 ± 21.6

7
6
7
7

2.58

n.s.

* Tukey's

< 0.05

12
11

13

multiple comparison test for unequal sample sizes failed to determine a
difference between the means.
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Table 2.3. continued.
site

Variable
micro flagellate
biomass (urn C

RA.

r)
1

SP
SA
CA

n

F

10.3
11.1
3.4
4.4

7
7
6
7

0.65

n.s.

7
7
6
7

0.20

n.s.

mean± std
12.4 ±
7.6±
6.0 ±
4.6 ±

p value

nanoplankton «5!-lm)
biomass (urn C r 1)

RA
SP
SA
CA

134.2
116.2
91.0
57.3

±
±
±
±

190.9
220.0
100.2
44.0

temperature

CA
RA
SA
SP

26.3
25.6
25.5
25.4

±
±
±
±

4.2
4.6
4.7
4.6

13
13
12
13

0.73

n.s,

salinity
(ppt)

SP
SA
CA
RA

33.5 ± 2.7
32.7 ± 3.0
27.4 ± 3.5
27.0±9.1

13
12
13
13

1.66

n.s.

secchi depth
(m)

SP
CA
SA
RA

1.7 ±
1.5 ±
0.8 ±
0.6 ±

0.9
0.7
0.5
0.3

13
12
12
13

7.62

< 0.001

dissolved oxygen
(mg r1)

CA
RA
SP
SA

6.6
6.3
6.2
6.0

1.0
1.2
1.0
1.1

12
12
13
12

0.28

n.s.

("C)

±
±
±
±
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Figure 2.3. Microplankton biomass compositions at (a) Sandy, (b) Rankin, (c) Sprigger and
(d) Captain. Note the scale change at Rankin.
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Figure 2.3. continued.
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Figure 2.4. Mean egg production at (a) Sandy, (b) Rankin, (c) Sprigger, and (d) Captain. Bars
represent ±l standard deviation. (nd): no data.

42

(c) Sprigger
30
25

~

20

-0
(])

"iii

E(])

15

~

OJ
OJ

w

10

•

--

I

5

•I

0

I

I

I

10

11

I

6

7

8

(d) Captainl
30

9
95

I

~

I

~

.-

II :I

-'---

-'-

12

1

2

•

,

3

4

5

6

96

25
~

--

20

E

15

-0

--

Q)

OJ
Q)

0::.
OJ
OJ

w

I

-r-r-r-

(fl

10
50

If

.II

,

T

6

7

• •

8

9
95

10

11

-'-

---

12

I
Date

Figure 2.4. continued.
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Hatching success averaged> 80 % throughout the year and differences
between seasons and sites were not significant (Fig. 2.5a-d; Table 2.2; Table 2.3).
Drops in hatching success below 80 % occured sporadically, but coincident drops in
hatching success did not occur at all sites.
2.3.2. Comparison of egg production rates and hatching success to abiotic and biotic
parameters
Temperature dependant egg production rates estimated with equation g =
0.064e012T, overestimated egg production rates measured in the bay (Fig. 2.6). These
findings corroborate the results of Kleppe I et al. (1998). They reported that egg
production rates for A. tonsa, measured during the months of June, July, August,
September, and October 1995, were independent of temperature

(Kleppel et aI.,

1996b).
Principal Components Analysis (PCA) suggested that the food environment
had a stronger influence on egg production and hatching success than the physical
environment.

Four factors were extracted by PCA and varimax rotated. Combined,

these four factors explained 73.5 % of the variance in the data set. Factor loadings
(the correlation of a variable to the factor) for the measured parameters were plotted
against Factors 1 and 2 (explained variance: Factor 1= 25.4 %; Factor 2 = 16.2 %)
(Fig. 2.7), and against Factor 2 and Factor 3 (explained variance = 16.9 %) (Fig. 2.8).
Egg production (0.751) and hatching success (0.764) alone, had significant loadings
(> 0.7) on Factor 2. The loadings for egg production and hatching success were near
zero on Factor 1 [characterized by diatom biomass (0.845) and secchi depth (-0.814)]
and Factor 3 [dissolved oxygen (0.888) and temperature (-0.922)]. The only
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Figure 2.5. Mean hatching success at (a) Sandy, (b) Rankin, (c) Sprigger, and (d)
Captain. Bars represent ±1 standard deviation. Hatching success was not measured
during August 1995. (nd: no data)
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Figure 2.5. continued.
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2 --r-----------------,

Figure 2.6.
of Kleppel
production
influencing

Plot of copepod growth rate vs. temperature. The curve is from the equation
et al. (1996). The points are female "growth" estimated as the measured egg
in Florida Bay. The curve suggests that factors other than temperature were
copepod egg production in the bay.
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Figure 2.7. Results of the principal components analysis. Factor loadings> 0.700 and
<-0.700 are significant. Factors were varimax rotatated. (EP: egg production; HS:
hatching success; MICRO: microplankton carbon; DIA: diatoms; DINO:
dinoflagellates; UZOO: microzooplankton; MICROFL: microflagellates; NANO:
nanoplankton; SAL: salinity; TEMP: temperature; SECCID: secchi depth; DO:
dissolved oxygen)
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Figure 2.8. Results of the principal components analysis. Plot of factors 2 and 3. Factor
loadings> 0.700 and <-0.700 are significant. Factors were varimax rotated. Codes are
the same as in Fig. 2.7.
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parameter with loadings similar to egg production and hatching success was
microzooplankton

biomass (Fig. 2.7 and 2.8).

2.3.3. Results of site by site analysis
AtRankin, egg production was negatively correlated with micro flagellate
biomass and positively correlated with secchi depth (Table 2.4). However, hatching
success was not correlated with anyone parameter at this site. Stepwise multiple
regression analysis revealed that egg production and hatching success were best
predicted by the combination of micro zooplankton biomass (positive) and
micro flagellate biomass (negative) (Table 2.5).
Neither egg production nor hatching success was correlated with the
parameters measured at Sprigger (Table 2.6). However, both egg production and
hatching success were best predicted by the combined effects of salinity (positive for
egg production and negative for hatching success) and dinoflagellate biomass
(negative for both) (Table 2.5).
At Sandy, egg production and hatching success were correlated with each
other (Table 2.7). However, neither egg production nor hatching success was
correlated with any other parameter measured at this site. Dinoflagellate biomass
(positive) and salinity (negative) best predicted egg production at this site. Hatching
success was predicted by the combined effects of temperature (positive) and
micro flagellate biomass (positive) (Table 2.5). At Captain, egg production was
positively correlated with hatching success and salinity (Table 2.8). Standard
multiple regression analysis revealed that the combined effects of micro flagellate
biomass (positive) and salinity (positive) predicted egg production rates at Captain
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Table 2.4. Correlations for the physical and biological parameters measured at
Rankin during the seven month period. Correlations in bold face type are significant
at the 0.05 level. (EP: egg production, HS: hatching success, MC: microplankton
biomass: DIA; diatom biomass, DINO: dinoflagellate biomass, UZOO:
microzooplankton biomass, NANO: nanoplankton biomass,UFLG: microflagellate
biomass, TEMP: temperature, SAL: salinity, DO: dissolved oxygen, SECCHI: secchi
depth)

EP
EP
HS
MC
DlA
DlNO

NANO UFLG TEMP

SAL DO SECCHI

HS

MC

DIA

DINO UZOO

0.86

-0.29

-0.53

- 0.56

-0.19

0.30

-0.98

0.80

0.42

-0.32

0.94

0.03

-0.48

-0.21

0.31

0.51

-0.76

0.78

0.33

-0.37

0.79

0.59

0.56

0.67

0.72

0.38

-0.57

0.25

0.52

-0.56

-0.03

0.28

-0.06

0.51

-0.70

0.54

0.21

-0.73

0.47

0.46

0.65

-0.48

-0.65

0.54

-0.56

0.38

0.36

-0.02

0.12

-0.20

-0.27

-0.21

-0.09

0.11

0.55

0.05

-0.75

-0.42

0.28

-0.93

0.11

-0.74

0.93

-0.23

0.18

UZOO
NANO
UFLG
TEMP
SAL

-0.50

DO
SECCHI
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Table 2.5. Egg production and hatching success equations determined by stepwise
multiple regression analysis. Values in parenthases are partial correlation
coefficients. (EP: egg production; HS: hatching success; TEMP: temperature; SAL:
salinity; DINO: dinoflagellate biomass; UFLAGL: micro flagellate biomass; NANO:
nanoplankton biomass; UZOO: microzooplankton biomass)
Equation

Site
Rankin

XI

1.29 - 1.05

XI

+ 0.81

X2

UFLAGL
(-0.999)

UZOO
(0.959)

0.997

HS=

1.97 - 1.00

XI

+ 0.67

1(2

UFLAGL
(-0.977)

UZOO
(0.951)

0.959

DINO
(-0.983)

SAL
(0.971)

0.984

X2

DINO
(-0.917)

SAL
(-0.897)

0.882

X2

DINO
(0.911)

SAL
(-0.986)

0.984

XI

+ 0.53

HS = 10.42 - 0.82

XI

.0.72

Captain

RZ

EP=

Sprigger EP = -11.42 - 0.71

Sandy

Xz

X2

EP=

7.53 + 1.15

XI -

0.89

HS=

-0.13 + 1.19

XI

+ 0.57

X2

UFLAGL
(0.952)

TEMP
(0.831)

0.908

EP=

-2.68 + 0.88

XI

+ 0.99

X2

UFLAGL
(0.862)

SAL
(0.886)

0.881

HS=

1.84 + 0.32

XI

+ 0.76

X2

DINO
(0.386)

SAL
(0.706)

0.500
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Table 2.6. Correlations for the physical and biological parameters measured at
Sprigger during the seven month period. Code definitions are the same as in Table
2.4.

EP
EP
HS
MC
DIA
DINO
UZOO

HS MC DIA
0.17

DINO

uzoo

NANO UFLG

TEMP

SAL

DO SECCm

-0.10

-0.79

-0.85

0.47

0.84

0.21

-0.63

0.72

0.50

0.36

-0.32

-0.32

-0.63

0.24

0.00

-0.73

-0.45

-0.50

0.11

-0.12

-0.20

0.27

-0.41

0.29

-0.29

0.17

0.35

-0.80

0.56

0.66

-0.66

-0.94

0.06

0.23

-0.59

0.05

-0.79

-0.33

-055

0.23

0.84

-0.27

-0.53

-0.06

0.35

0.21

0.26

0.21

0.52

0.20

-0.20

0.83

0.00

0.81

0.31

055

0.43

0.08

-0.15

-0.57

0.33

0.11

0.60

0.57

NANO
UFLG
TEMP
SAL

-0.53

DO
SECCHI
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Table 2.7. Correlations for the physical and biological parameters measured at Sandy
during the seven month period. Code definitions are the same as in Table 2.4.

EP HS
EP
HS
MC
DIA
DINO
UZOO

0.90

NANO UFLG TEMP

MC

DIA

DINO UZOO

0.64

0.37

0.66

0.26

0.53

0.84

0.58

0.23

0.61

0.41

0.33

0.84

0.88

0.30

0.04

0.93

0.34

-0.42
-0.42

SAL

DO

SECCm

-0.26

0.40

-0.80

-0.15

-0.22

0.32

-058

0.90

-0.66

-0.42

0.53

-0.89

0.97

0.61

-0.45

-0.09

0.20

-0.77

0.32

0.36

0.48

0.55

-0.41

-0.38

-0.25

0.37

-050

-0.79

0.73

-0.07

0.72

-0.57

-0.26

0.39

-0.90

-0.61

-053

0.63

-0.86

-0.92

0.59

-0.98

0.44

NANO
UFLG

-0.22

0.91

TEMP
SAL

-0.59

DO
SECCm
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Table 2.8. Correlations for the physical and biological parameters measured at
Captain during the seven month period. Code definitions are the same as in Table
2.4.

EP HS
EP

0.75

MC

DIA

-0.22

0.44

DINO UZOO NANO UFLG TEMP
0.19

-0.37

0.05

0.69

HS
MC
DIA

DINO
UZOO

-0.47

SAL

DO

SECCm

0.20

0.75

-0.27

-0.32

0.36

-0.38

-0.54

-0.38

-0.35

-0.52

0.36

-0.24

-0.20

0.79

-0.87

0.23

0.47

0.49

0.49

0.23

-0.35

-0.52

-0.36

-0.24

-0.27

0.30

0.98

-0.52

-0.52

0.66

-0.43

0.37

-0.13

0.06

-0.13

0.29

0.20

0.36

0.30

-0.05

-0.42

0.26

-0.54

-0.56

0.75

-0.68

0.34

-0.80

0.63

-0.55

-0.13

NANO
UFGL
TEMP
SAL

-0.41

DO
SECCm
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(Table 2.5). Hatching success at this site was predicted by dinoflagellate biomass and
salinity.

2.4. Discussion
The central portion of Florida Bay has experienced persistent nanoplankton
blooms, and as a result there has been a shift in primary production from the benthos
to the water column (Kleppel, 1996). The waters in Rankin Lake and off Sandy Key
were the most turbid of the sites studied. The turbidity at these sites may have
resulted, in part, from the nutrients present in run-off from the agricultural regions of .
the Everglades (Fourqurean et aI., 1993). Nutrients found in run-off from agricultural
and residential sources (i.e., N and P) can cause algal blooms which reduce the
amount oflight that reaches the seagrass beds, and in tum, reduces the rate of
photosynthesis in the beds (Orth and Moore, 1983). Hypersaline conditions, which
are also deleterious to seagrasses, have been suggested as a cause of the seagrass dieoff in Florida Bay (Lapointe, 1989), although no hypersaline conditions were
detected during the course ofthis study.
While detrimental to the fauna that inhabit seagrass beds, a shift to water
column primary production could be advantageous to planktonic species such as
copepods, if the bloom species are nutritionally adequate for the growth and
reproductive needs of these animals. The size range of the algae that comprise most
of the nuisance blooms in Florida Bay is < 5 urn in diameter (Kleppel, 1996). A.
tonsa is not efficient at feeding on celis of this size (Berggreen et aI., 1988).
However, copepods have been reported to feed on the major consumers of particles
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of this size (i.e., ciliates, heterotrophic dinoflagellates and rotifers) (Dagg, 1977;
Morey-Gaines,

1980; Cowles and Strickler, 1983; Smith and Lane, 1985; Huntley et

aI., 1986; Stoecker and Egloff, 1987; Stoecker and Capuzzo, 1990; Gifford, 1991 and
references there in; Kleppel et aI., 1991; Kleppel, 1992; Swadling and Marcus, 1994;
Atkinson, 1996; Kleppel et aI., 1996; Kleppel et aI., in press; ms.), thus forming a
trophic link between microbial and the classical metazoan food webs (Sherr et aI.,
1986; Gifford, 1991). Microzooplankton

and dinoflagellates were major components

in the diets of A. tonsa from Florida Bay, especially in the north/central portion of
the bay (Rankin and Sandy; Kleppel et aI., 1998) where microzooplankton

and

dinoflagellates were most abundant. In fact, the highest egg production rates
measured during this study were for copepods collected at Rankin, where egg
production and hatching success were predicted by the combination of
micro zooplankton (positive) and micro flagellate biomass (negative). However, in
comparison with mean egg production rates reported for A. tonsa from locations
outside Florida Bay (Table 2.9), the rate at Rankin was low.
In Mobile Bay, Alabama, egg production rates as high as 140 eggs female-l
dol were measured for A. tonsa (McManus and Foster, 1998), which exceeded the 65
eggs female-l d-I predicted by the temperature-dependent

growth model of Kleppe I

et al. (1996) for a temperature of 30° C. Temperature, rather than food
concentration, was found to be the major factor influencing the rate of egg
production in Mobile Bay. Egg production rates in Florida Bay fell below the
predicted egg production rates (20 eggs female" d-I at 19.25° C to 76 eggs female"
dol at 31.6° C) predicted by the model of Kleppe I et al. (1996), indicating that a
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Table 2.9. Yearly mean egg production
Location

rates of Acartia tonsa from various locations.

eggs female" day"

Florida Bay, FL

this study

Captain

6.3 ± 1.8

Rankin

7.9 ± 7.2

Sandy

4.3 ± 3.5

Sprigger

4.0 ± 2.5

Port Everglades, FL

source

16.2 ± 13.2

Carter, 1995

12.2 ± 10.3

unpublished data

East Lagoon, TX

56.0 ± 22.0

Ambler, 1985

Mobile Bay, AL

50.2 ± 35.4

McManus and Foster, 1998

Skidaway, GA

25.5

Stearns et al., 1989

New Port River, NC

10.0

Stearns et al., 1989

Los Angeles Harbor, CA

19.4± 11.7

Kleppel, 1992

Long Island Sound, NY

32.9

Bellantoni and Peterson,
1987

Narragansett Bay, RI

24.1 ± 15.2
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Durbin et al., 1983

factor(s) other than temperature influenced egg production rates. A seasonal pattern
was indicated by the comparision of measured parameters on a seasonal basis and the
results of principal components analysis. Egg production did not vary significantly
between warm and cool seasons. Temperature decreased significantly between the
warm and cool seasons while there was a significant increase in microplankton over
the same time period, suggesting a seasonal pattern in the food environment (i.e.,
carbon concentration).
The low egg production rates in Florida Bay may have been the result of low
food concentrations (fig C rl). Microplankton measurements made at Rankin
exceeded 400 fig C

r' , considered

the saturation concentration for A. tonsa egg

production (Ambler 1985). However, microplankton biomass was less than 400 fig C
r1for 80% of the measurements made at Captain, Sandy and Sprigger, indicating that
egg production was often food limited at these sites. Some factor other than food
limitation would appear to be the cause of the relatively low egg production rates
measured at Rankin and at the other sites, when microplankton biomass was in
excess of 400 fig C

r' .

Food composition may have .influenced egg production rates in Florida Bay.
A positive correlation has been found between the abundances of dinoflagellates and
ciliates and the egg production rates of several species of copepods, including A.
tonsa (Kleppel et aI., 1991). Stoecker and Egloff(1987)

reported a 25% increase in

egg production when A. tonsa was fed ciliates and rotifers as opposed to the same
concentration of phytoplankton. It has been proposed that ciliates and other
protozoans may be high quality food items, because of their nutrient compositions,
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as well as other characteristics such as size and motility (Gifford, 1991 and
references there in). Ciliates, heterotrophic dinoflagellates and microflagellates,
rotifers and radiolarians can have high concentrations of protein and lipids, relative
to those found in autotrophic protistans, (see Gifford, 1991 and references there in)
which are important to crustacean egg production (see Kleppel, 1993 and references
there in; also see Ederington et al., 1995; Kleppel and Burkart, 1995).
Egg production rates were not correlated with microplankton biomass in
Florida Bay when compared on a seasonal or site-by-site basis, with the exception of
Rankin, where egg production was negatively correlated with microflagellate
biomass (Table 2.3). However, microzooplankton

biomass had the highest factor

loading, with the exception of egg production and hatching success, on Factor 2, and
in combination with microflagellate biomass was the best predictor of egg
production and hatching success at Rankin. In combination with salinity (positive),
micro flagellate biomass explained the majority of the variability in egg production
rates at this site (Table 2.4). However, egg production rates at Sandy (the other
northern site), as well as at Captain were positively correlated with micro flagellate
biomass and salinity. Egg production rates at Sprigger were directly correlated with
dinoflagellate biomass and inversely correlated with salinity (Table 2.4).
There is little information on the effect of dietary composition on egg
hatching success (Ambler, 1986; J6nasd6ttir, 1994; Kleppel and Burkart, 1995; see
Chapter 3), although high concentrations of diatoms have been suggested as being
capable of inhibiting hatching in certain species of cope pods (Poulet et al., 1994;
1995; Laabir et al., 1995a,b; Dye, 1996). 1 found no relationship between hatching
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success and diatom biomass, by correlation analysis or by multiple regression
analysis. However, the result of principal components analysis revealed that diatom
biomass and egg production had opposite loadings on Factor 2, which was
characterized by egg production. These results suggest that conditions that favor an
increase in diatom biomass are not favorable for copepod egg production.
With a few exceptions, hatching success in Florida Bay was > 80% during
the course ofthe year. No seasonal pattern was evident, as it was in other studies
[East Lagoon, TX: 70% (fall) to 100% (spring) (Ambler, 1985); Port Everglades, FL:
60% (winter) to >90% (summer/fall) (Burkart, unpublished data)]. Mean hatching
success of eggs produced in September by females from Sprigger was 66.5% ± 44.1.
At that time, the copepods at Sprigger ingested only microflagellates (Kleppel et al.,
1998). Hatching success at Sandy dropped from >90% (during July and September)
to 41 % during October, while the micro flagellate biomass at Sandy comprised a
similar portion of the microplankton biomass as it did during the previous month at
Sprigger (2.0% and 2.5%, respectively). Ingestion rates were not measured in
October, but the evidence suggests that micro flagellates were in some wayan
inadequate food source for the production of viable eggs. At Rankin, an increase in
hatching success was predicted by a decrease in micro flagellate biomass combined
with an increase in microzooplankton biomass. At Sandy, however, an increase in
hatching success was best predicted by an increase in micro flagellate biomass and
temperature.
Describing the food environment by taxonomic composition has its
drawbacks, in that changes in the physical environment (temperature, nutrient
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availability) that affect algal growth rates can change the nutritional profile of the
algae regardless of taxonomy. Nutrient limitations can produce modifications in algal
cells, including reduced protein concentration (Dortch et al., 1985; Kohl and
Nicklisch, 1988) and the accumulation of neutral lipids low in (n-3) polyunsaturated
fatty acids (Spoehr and Milner, 1949; Fogg, ]959; Lewin, 1962). In addition, the
nutrient profile of heterotrophs such as ciliates and heterotrophic dinoflagellates, can
reflect the nutrient composition of their food (Ederington et a!., 1995; Kleppel and
Burkart, 1995). Thus variability in the quality of cells below the size

«

5 urn)

efficiently ingested by copepods can (Bergreen et aI., 1988) affect the composition of
the nutrient reserves of the female copepod and her eggs (Greave and Kattner, 1992;
Ederington et aI., 1995; Kleppel and Burkart, 1995).
Nutrient composition and concentration is also known to vary between algal
species (Roman, 1984; Houde and Roman, 1987; Stettrup and Jensen, 1990;
Jonasdottir, 1994; Kleppel and Burkart, 1995), and if nutrient input (natural or
anthropogenic) results in the bloom of species of poor nutritional value, copepods
may be nutritionally limited even though algal biomass is high (Ederington et. ai,
1995). This may be a possible explanation for the low egg production rates measured
at Rankin. Ingestion measurements, described by nutrient concentration, would be
the preferable method of determining the relationship between the diet and the
production of viable eggs for copepods that do not rely on body stores for
reproduction.
2.5. Summary
The highest concentrations of microplankton biomass were detected in
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samples collected at the two northern sites (Rankin and Sandy, respectively). Egg
production rates of the calanoid copepod, A. tonsa, were also highest among the
animals collected at Rankin. However, the mean egg production rates for all of
Florida Bay were low in comparison with rates measured for A. tonsa from locations
outside of Florida Bay. Hatching success differed between sites, but averaged> 80%,
which was in agreement with the findings of previous studies. Hence, while
conditions in Florida Bay could not support high rates of egg production, the
majority of eggs produced were viable.
The maximum growth rates calculated with the temperature-dependent
growth model of Kleppel et al. (1996) overestimated the egg production rates
measured in Florida Bay, indicating that factors, in addition to temperature,
influenced rates of egg production. The low levels of microplankton biomass
measured at some sites «100 Ilg C

r

l

)

may have contributed to the poor rates of egg

production. The copepods may have thus been food limited. Variations in growing
conditions may also have contributed to the low rates of egg production on occasions
when egg production was not food limited. The biochemical composition of
autotrophs can vary with growing conditions, while the nutrient profiles of
heterotrophs often reflects the nutrient compositions of their food. Hence, future
studies might include nutrient analyses of the microplankton, as well as
measurements of copepod assimilation efficiency, to determine whether copepod egg
production can be nutritionally limited due to differing biochemical profiles of their
food.
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Chapter 3
Relationship Between Diet, Nutrient Concentration, and Hatching
Success of Acartia tonsa Eggs
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Abstract
This study manipulated the nutrient content of an artificial diet to gauge the
influence of maternal diet on hatching success of copepod eggs. An artificial
microencapsulated

diet ("Basic" diet) was developed that could support the

production of viable eggs, although egg production rates were low «10 eggs
female" d-I). Three additional diets were produced by reducing the nutrient
concentrations per particle (protein, carbohydrate, and lipid) of the basic diet: (I) all
nutrients, (2) lipid, and (3) protein. The diets were offered to cultured adult female
Acartia tansa and the production of viable eggs was measured. In addition, copepods .
were offered high concentrations of microcapsules which had a low (40% of that of
the "Basic" diet) total nutrient concentration to determine whether or not the
copepods could compensate for poor food quality during periods of high food
concentration.
A total reduction in nutritional content had a negative impact on egg
production. The egg production rates of copepods offered this diet did not differ
from that of starved copepods, even when the concentration of microcapsules was
doubled. Hatching success was also negatively affected by the reduction of nutrients.
The reduction oflipid in the diet had a negative effect on egg production and
hatching success.

3.1. Introduction
It has been suggested that poor copepod hatching success is related to an
inadequate maternal diet (Ianora et aI., 1992). The purpose ofthis study was to
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determine (with the use of artificial microencapsulated
nutritional content of the food (protein:carbohydrate:lipid

diets) whether altering the
ratio) offered the female

copepod would affect the hatching success of her eggs. Parsons et al. (1961)
measured the average protein:carbohydrate:lipid

(PRO:CHO:LIP) ratio of eleven

species of phytoplankton and found it to be 4:3:1, which was suggested to be suitable
for zooplankton nutrition. Positive correlations between egg production and protein
concentration, and PRO/fatty acid and PRO/CHO ratios have been reported in
laboratory and field studies with Acartia spp. (Jonasdottir, 1994; Jonasdottir et aI.,
1995). However, measurements of the nutrient composition of the seston may not be .
representative of the food consumed due to the possibility of selective feeding (Brett,
1993). This possibility is exemplified by the results of feeding studies conducted
with Acartia tonsa, Artemia salina, Daphnia sp., and rotifers. Artemia and Daphnia
required starch: albumin ratios (CHO:PRO) of 5: I and I: I, respectively (Provasoli
and D' Agostino, 1969), while rotifers appeared to have highest assimilation
efficiencies when the PRO:CHO:LIP ratio of the food was I: I: 1 (Scott, 1980). The
PRO:CHO:LIP ratio for the daily ration of maximum ingestion for A. tonsa,
estimated from the average of five algal diets, was 0.5:0.2:1, while the ratio
calculated for the copepod's tissue was 1.4:1.3:1 (Houde and Roman, 1987). Scott
(1980) suggested that the biochemical proportions ofa particle had a stronger
influence on overall conversion efficiency than the elemental nutrient concentration,
and that the cost of conversion was lowest when the proportions were similar to that
of the animal.
Brett (1993) hypothesized that an animal may overcome a poor quality diet
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by ingesting more of that diet. This hypothesis was corroborated by findings for A.
tonsa (Stettrup and Jensen, 1990) and for two species of Daphnia (Giani, 1991).
Stettrup and Jensen (1990) reported that Isochrysis galbana supported relatively high
egg production rates by A. tonsa when present in high concentrations even though it
was low in nutritional value. Daphnia hyalina and D. galeata maintained good
growth and reproduction when offered high concentrations of Stephanodiscus
hantzschii, which had low nitrogen and protein concentrations (Giani, 1991). It was
suggested that at low food concentrations, the nutrients required to support the needs
of the animal were lacking, while at high food concentrations, nutrients were
available in sufficient quantities to support growth and reproduction (Giani, 1991).
However, the growth rates of Daphnia spp. fed on high concentrations (2.0 mg C

rl)

of Rhodomonas sp. grown under N-limited conditions was lower than growth rates
on non-limited Rhodomonas sp. (Giani, 1991). Urabe and Watanabe (1993) argued
that animals might not always be able to compensate for poor quality food by
increasing ingestion rates. They cited a study by Sterner et al. (1993) who showed
that the feeding rates of Daphnia were low when they were offered algae with low
phosphorous contents. A study indicated that it would be more advantageous for an
animal to increase its assimilation efficiency than to increase its rate of ingestion to
compensate for poor quality food (Taghon, 1981). In addition, Stettrup and Jensen
(1990) found that the green alga, Dunaliella tertiolecta, could not support egg
production beyond 4 days; this was attributed to the paucity oflong chain (CIS)
polyunsaturated fatty acids in the algae.
The calanoid copepod, A. tonsa, was chosen for this portion of my
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dissertation to determine whether the hatching success of copepod eggs is affected
by the nutritional value of the diet (PRO:CHO:LIP ratio), because it has few body
lipid reserves (Dagg, 1977). Changes in the diet of A. tonsa require < 24h to affect
egg production rates (Tester and Turner, 1990). In addition, this copepod is easily
cultured.
Artificial diets were utilized to alter the nutrient composition (i.e., reduction
in either the protein or lipid concentration) and the overall nutrient concentration of
the diet without introducing differences in size and/or motility, which would result.
from the use of phytoplankton. Experiments compared the effects of different
nutritional compositions on hatching success. In addition, a diet with the low nutrient
concentration per particle was studied at two concentrations to test the hypothesis
that increasing the number of food particles could compensate for the low nutrient
content of the particles.

3.2. Hypothesis
I hypothesize that the concentration of nutrients ingested by a female affects
the number of eggs produced, and that the proportions in which the nutrients are
present in the diet influence the percentage of eggs that will hatch. This hypothesis
was developed from the results of study of copepod hatching success conducted by
Ianora et el. (1992) which suggested a relationship between the production on nonviable eggs and the quality of the maternal diet, as well as the results of Chapter 1.
The conceptual model of the food environments that were utilized in the
present study is illustrated in Figure 3.1. The "Basic" diet was developed from
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a. "Basic" diet

b. "Reduced Basic" diet

c. "Reduced Basic" diet x 2

d. "Reduced PRO" diet

e. "Reduced LIP" diet

Figure 3.1. An illustration of the artificial diets. Circle size indicates the
relative concentration of the three major nutrients, i.e., PRO: protein, CHO:
carbohydrates and LIP: lipids. Diets "b" and "c" represent an overall
reduction in nutrients from that of diet "a". Diet "c" is double the particle
concentration of diet "b".
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artificial diets formulated for prawn (Deshimaru, 1982; Kanazawa, 1982) to have a
nutrient profile capable of supporting the production oflarge numbers of viable eggs
(Fig. 3.la). The particle concentration of the "Basic" diet was determined from the
average protein concentration (approximately 429 ug PRO

rl) estimated

to saturate

the ingestion rate of A. tonsa (Houde and Roman, I 987).This diet was then modified
by reducing the concentration of all nutrients but maintaining the same proportions
between nutrients as in the "Basic" diet (Fig. 3.1b).
The "Reduced Basic" diet (Fig. 3.1b) was provided in the same concentration
(food particles ml') as the "Basic" diet to determine the effect of reduced nutrients
(i.e., quality) on the productionof

viable eggs. In addition, the particle concentration

of the "Reduced Basic" diet was doubled ("Reduced Basic" diet x 2; Fig. 3.1c) to
determine whether an increase in particles would compensate for the poor quality of
the individual food particles.
The "Basic" diet was also modified by reducing the concentration of lipids
or, alternatively, the concentration of proteins with respect to the other nutrients. The
particle concentration of the reduced lipid (Fig 3.1d,e) was chosen to result in the
same concentration of protein (ug PRO

r') as that provided

by the "Basic" diet. The

reduced protein diet was provided in the same particle concentration as the "Basic"
diet.
The possible outcomes of these experiments are presented in Fig. 3.2. The
"Basic"diet was developed to support the production of viable eggs at a rate
equivalent to a natural particle diet (Fig. 3.2a). An overall lowering of the overall
nutritional value (proportionally reducing all nutrients) of the diet could result in the
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production of a similar number of eggs as that produced on the "Basic" diet, but the
number of eggs which hatch may be reduced (Fig. 3.2 b). The reverse ofthis
scenario may also occur (Fig. 3.2 c). A reduction in the overall nutrient concentration
could also result in the lowering of both egg production and hatching success (Fig.
3.2 d). When the particle concentration of the food environment is doubled, the
copepods may be capable of producing a similar number of viable eggs as the
copepods offered the "Basic" diet (Fig. 3.2 a). Alternatively, the copepods may
follow the same scenario as the animals offered the "Reduced Basic" diet but at the
lower concentration (Fig. 3.2 b, c and d).
Lowering the concentration of a single nutrient (proteins, lipids) may result in
a reduction of egg production or hatching success (Fig. 3.2 b, c). Another possible
outcome could be the production of only non-viable eggs (Fig. 3.2 e) or the complete
cessation of egg production (Fig. 3.2 f).

3.3. Materials and Methods
3.3.1. Basic procedure for the production of Ca-alginate microcapsules
Microencapsulated

artificial diets have been used in feeding studies for

several years (Table 3.1), however their use has been limited primarily to
aquaculture and to the development of artificial growth diets. The protocol for the
production of Ca-alginate microcapsules was originally developed for the
encapsulation of kerosene (Sommerville, G.R.1962, Southwest Res. Int., U.S. Patent
3,015,128; Levine et aI., 1983). It was later adapted for the encapsulation of diets by
Levine et al. (1983) as a technique for studying the nutritional requirements of
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brachyuran crab larvae. Ca-alginate microcapsules have several advantages over
other microencapsulation

techniques, such as nylon-protein cross-link walled

microcapsules, liposomes and gelatin-acacia microcapsules. These include: (1) low
permeability, which reduces the loss of low molecular weight molecules that can foul
water and cause bacterial growth, (2) a digestible, non-toxic matrix, and (3)
particulates in aqueous suspension and/or oils can be encapsulated (Levine et aI.,
1983). In addition, the technique has been used successfully in feeding studies with
the copepod Calanus pacificus (Cary et aI., 1992). A drawback to the Ca-alginate
microcapsules is that they are negatively buoyant, thus eliminating the possibility of .
incubating animals in containers designed to prevent the females from cannibalizing
their eggs (Dagg 1977; also see Chapter 1). The microcapsules that pass through the
mesh at the bottom of the spawning chamber (see Figure 1.1) would no longer be
available to the females.
Another advantage of the Ca-alginate microcapsule is that these
microcapsules are relatively easy and inexpensive to produce (Levine et al. 1983).
The encapsulation matrix is a mixture of alginic acid sodium salts (Sigma, Type IV
from Macrocystis pyrifera, viscosity of2% solution at 25° C is 14,000 cps) and
edible gelatin (Knox, Nabisco Foods). The alginic acid (1.6% w/v) and gelatin (0.5%
w/v) were added to deionized water (pH adjusted to pH 12.0 by addition of 1M

NaOH) and mixed at 40° to 50° C until completely dissolved. The dietary component
was then combined with the encapsulation matrix, mixed with a glass rod, and the
mixture poured into a 250 ml (Kontes) thin layer chromatography sprayer. The
mixture was sprayed (using N2 as a propellant to prevent the oxidation of the fatty
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acids) into a swirling bath of chilled calcium chloride (20% w/v; Sigma, cell culture
tested; Cary et aI., 1992). Microcapsules were cured for 10 min. collected on a sieve
with a pore size of 10 urn and rinsed with deionized water. The microcapsules were
rinsed from the sieve and the suspension was stored in scintillation vials at 5° C.
3.3.2. Description of dietary components
The ingredients used in the "Basic" diet were based on the ingredients used in
the artificial diets formulated for prawn (Deshimaru, 1982; Kanazawa, 1982). The
protein source was dried, defatted menhaden meal (Sigma), chosen because its amino
acid profile is similar to the profile of clam protein (Table 3.2). Deshimaru (1982)
observed that prawn grew larger on clam protein, than on a 9: 1 mixture of
casein:albumin. Comparisons between the essential amino acid profiles of the
casein:albumin diet and clam tissue revealed the casein-albumin diet to be deficient
in arginine and low in tryptophan and lysine (Table 3.2). A purified protein source
supplemented with crystalline amino acids would have been preferable to the fish
meal because the fish meal has a low protein content (approximately 62%) and also
contains fats (9%) and ash (18%). However, prawn may be unable to use amino
acids in crystalline form (Deshimaru, 1982). The same could be true for other
crustaceans.
Clam meal would have been the most complete source of protein of those
available. However, menhaden oil (Sigma) was chosen as the lipid source because it
is high in polyunsaturated fatty acids (61 % C-18 or higher; Table 3.3) and omega-3
fatty acids, which are important for copepod egg production (Stettrup and Jensen,
1990; J6nasd6ttir, 1994; J6nasd6ttir et aI., 1995; Kleppel and Burkart, 1995; but also
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Table 3.2. Amino acid profiles (% dry matter) of clam protein, menhaden meal and
9: 1 mixture of casein:albumin.

Amino Acids

Clam"

Arginine*

4.50

3.58

1.94

Cystine

1.58

0.57

0.10

Histidine*

1.27

1.44

1.41

Isoleucine*

2.00

2.81

2.98

Leucine*

4.01

4.64

4.83

Lysine*

4.68

4.70

3.81

Methionine*

1070

1.77

1.61

Phenylalanine*

2.13

2.40

2.95

Threonine*

2.81

2.43

2.22

Tryptophan*

0.51

0.68

Tyrosine

2.10

1.97

2.85

Valine*

2.18

3.27

3.34

Menhaden"

CaseluiAlbumin''

"Deshimaru, 1982; bDe Silva and Anderson, 1995; *Amino acids considered
essential for crustaceans (Claybrook, 1983)
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Table 3.3. Fatty acid profile of menhaden oil. Percentage of fatty acids for 100 g
total fatty acid (Sigma).

Saturated

Unsaturated

14:0 -- Myristic Acid

15.5%

16:1 -- Palmitoleic Acid

16.3% 16:0 -- Palmitic Acid

29.6%

18:3 -- Linoleic Acid

0.6%

18:0 -- Stearic Acid

19.0%

C-20 -- Polyeonic

0.6%

20:0 -- Arachidic Acid

11.7%

C-22 -- Polyeonic

0.8%

C-22 -- Behenic Acid

5.9%

W
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see Ederington et al., 1995), as well as for growth and development and for
membrane fluidity (Stettrup and Jensen, 1990). Its addition to the lipids already
I

present in the menhaden meal would not radically alter the fatty acid profile ofthe
diet. The fatty acids in the clam meal may have been different from that of the
menhaden oil, and therefore the fatty acid profiles ofthe diet would have been
altered.
A combination of carbohydrates, rather than a single carbohydrate source was
chosen for the diet. Monosaccharides, such as glucose are nutritious; however,
glucose has been found to inhibit growth in prawn if added to the diet in
concentrations greater than 10% ofthe diet (Kanazawa, 1982). Glucose (Sigma;
approximately 7% of the dry components of the diets) was therefore used as a
carbohydrate source, but in combination with sucrose (Sigma) and purified wheat
starch (Sigma) (approximately 12% and 5% of the dry components added to the diet,
respectively).
D(+)-glucosamine-HCl

(Sigma) was added as a precursor to chitin

(Kanazawa, 1982). Cholesterol (Sigma, 5-cholesten-3~-01, 99+%) and Vanderzant
Vitamin mixture for insects (Sigma; Table 3.4) were also added to the diet.
Cholesterol was added to the diet because it is thought to be an essential nutrient
(Goad, 1981; Kanazawa, 1982) and is important for copepod reproduction
(Ederington et aI., 1995). The vitamin mixture was used because it was an
economical way to add vitamins to the diet.
3.3.3. Description of the experimental diets
Three microencapsulated

artificial diets were produced by altering the
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Table 3.4. Vitamins included in Vanderzant's vitamin mixture for insects.
Concentration is in g
(Sigma).

r'

Water soluble vitamins

Fat soluble vitamins

0.02 g biotin

50.0 g choline chloride

0.25 g folic acid

8.0 g (+)-a-tocopherol Type IV (vitamin E)

20.0 g myo-inositoi
1.0 g niacinamide (Bcomplex)
1.0 g D-panthotheric acid
hericalcium (Bcomplex)
.,m
IX

0.25 g pyridoxine-RCI (B6)
0.5 g riboflavin (B2)
0.25 g thiamine RCI (B1)
2.0 g vitamin B12
270.0 g L-ascorbic acid (vitamin C)
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protein, carbohydrate and lipid concentration of the "Basic" diet (Fig. 3.1; Table
3.5) developed for this study. During the developmental stage ofthe "Basic" diet,
attempts were made to provide a PRO:LIP ratio similar to the average ratio of 6.9: 1
calculated from the nutrient composition of various algal species reported by Parsons
et al. (1961). However, the relatively low protein concentration of the menhaden fish
meal (approximately 63 %) and the desire to keep the concentration of carbohydrates
low (J6nasd6ttir, 1994; J6nasd6ttir et aI., 1995), limited the PRO:LIP ratio produced
with the fish meal to 4.9: 1.
To boost the protein content of the microcapsules, lysed Rhodomonas lens
cells and fish meal extract were- added to the diet mixture. Approximately 3.49 x 109
R. lens cells, collected from batch cultures in exponential phase (grown in

in

medium; Guillard. 1975), were concentrated by centrifugation (Adams Dynac
CT1300 centrifuge) at 4000 rpm for 10 min. and frozen at _40° C until they were
needed. Thawed cells were ruptured in deionized water with a tissue grinder.
Powdered fish meal was ground for 5 min. in deionized water and centrifuged at
5000 rpm for 10 min. The supernatant was decanted and frozen at -40°C for later use.
The "Reduced Basic" diet was a 50% v/v dilution of the "Basic" diet. The
objective was to produce a diet identical (with the exception of the additional gelatin
and alginic acid from the matrix) to the "Basic" diet in nutrient ratios, but with a
reduced concentration per microcapsule. However, the dilution of the "Basic" diet
resulted in the alteration of the nutrient ratio of the "Reduced Basic" diet from that of
the "Basic" diet. The protein concentration per microcapsule was reduced by 59.9%
while the carbohydrate and lipid concentrations were reduced by 93.9 % (much of
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the carbohydrate added to the diet may have been bound to Ca-alginate matrix and
may not have been detectable) and 53.9 %, respectively.
Since the menhaden fish meal contained lipids (approximately 9 %), the ratio
of PRO: LIP could not be altered sufficiently to produce the "Reduced Lipid" diet.
The standard microplankton diet (a mixture of Thalassiosira weissflogii, Isochrysis
galbana, R. lens and Oxyrrhis marina) offered to the copepods in culture, had a
PRO:CHO:LIP ratio of29.5:0.02:1

and replaced the menhaden meal as the protein

source in this diet. Cells from each culture were concentrated into pellets by
centrifugation and frozen at _40°C. The pellets were thawed and the cells lysed in a
tissue homogenizer before addition to the encapsulation matrix. The only
supplements added to the diet were vitamins, glucosamine-HCl and cholesterol.
The "Reduced Protein" diet, like the "Reduced Basic" diet, was a
modification of the "Basic" diet. The amount of fish meal in the diet was reduced
and the R. lens and the fish meal extracts omitted. The lipid component of the diet
was supplemented with additional menhaden oil.
3.3.4. Nutrient analyses
Duplicate samples of the artificial diets were analyzed for protein,
carbohydrate, and lipid concentrations. Protein concentrations were analyzed by
Peterson's modification of the micro-Lowry method (Sigma Protein Analysis Kit;
Lowry et al., 1951; Peterson, 1977; Clayton et al., 1988). Water soluble carbohydrate
concentrations were estimated by the method of Dubois et al. (1956) as modified by
Head (1992), while saponifiable lipid concentration were determined by the
technique developed by Barnes and Blackstock (1973). Measurements for the three
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techniques were made on an IBM Instruments 9410 UV -Visible Spectrophotometer.
3.3.5. Egg production and hatching success: experimental protocol
Cultured A. tonsa were used for all experiments. The cultures were
established in September 1996, seven months prior to the study with copepods (65
adult females, 20 males) collected from North Inlet, South Carolina. The copepods
were maintained in Instant Ocean (Aquarium Products) with a salinity of 33 ppt. to
35 ppt. Temperatures ranged from 20° to 24° C and light levels were reduced by two
layers of nylon screen. The cultures were fed every third day a mixture (150 ml of .
each culture) of T weissflogii, R. lens, I galbana and 0. marina ("standard"
microplankton diet). Diatoms, including T weissflogii, have been found to have
detrimental effects on the hatching success of copepod eggs, as well as the
production of deformed nauplii (Dye, 1996 and references therein). The A. tonsa
cultures were monitored on a weekly basis to determine the algal concentrations,
salinity, egg production rates, and the number of adult females, males, copepodites
and nauplii present in the culture. Hatching success was not determined for the
cultures, however, deformed nauplii were not detected in the cultures.
Adult female A. tonsa were collected by siphon and sorted into one liter
polycarbonate bottles (5 females acclimation bottle", 3 acclimation bottles diet"),
which contained either a microcapsule suspension (one of the experimental diets), 10
urn filtered Instant Ocean (starved treatment), or the "standard microplankton diet"
(controls) that was fed to the copepod cultures (Table 3.6). One male was added to
each bottle to increase the likelihood. that eggs would be fertilized. Experimental
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Table 3.6. The nutrient concentrations (ug 1"1) provided in each of the experimental
treatments. A control was run with each group; control animals were fed the standard
microplankton diet.

Group

1

ug PRO 1"1

Ratio

Reduced
Basic

9.0:0.02:1

183.5

Reduced
Basic x 2

9.0:0.02:1

367.0

1.0

40.2

0

0

0

Starved
Control*

2

ug CHO 1"1

Diet

0.5

Ilg LIP

20.1

29.5:0.02: 1

450.0

0.32

15.3

10.5:0.2:1

446.3

7.7

42.5

Reduced
Lipid

102.9:0.1: 1

446.3

0.4

4.1

Reduced
Protein

3.1:0.15:1

187.5

8.9

60.1

Control"

29.5:0.02: 1

450.0

0.32

15.3

Basic

*estimated from a previous measurement
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treatments were separated into two groups (i.e., group I: "Reduced Basic" diet,
"Reduced Basic" diet x 2, starved and control; group 2: "Basic" diet, "Reduced
PRO" diet, "Reduced LIP" diet and control) and conducted two days apart. Because
egg production and hatching success were determined for individual females (10
individual females per diet, 6 females per control), the experiments were divided into
~ _ two groups to lower the risk of counting error due to eye fatigue.
The animals were acclimated to the artificial diets for 24 h (Donaghay and
Smal1, 1979), at 24° C, with reduced natural light (two layers of nylon screen) to
lessen the affects of recent feeding history on egg production (see Tester and Turner, .
1990). At the end of the acclimation period, the copepods, nauplii, and eggs were
col1ected on 35 urn mesh Nitex and rinsed into a petri dish. Eggs were allowed to
settle in the dishes (approximately I h) and eggs and nauplii counted under a
dissecting microscope to determine the egg production rate during the acclimation
period.
After the acclimation period, females were transferred to individual 250 ml
glass beakers, which contained 200 ml of the experimental diet and incubated for 24
h (spawning period). Temperature and light conditions were the same as those for the
acclimation period. The beakers were swirled twice during the experiment to resuspend the microcapsules. At the end of the spawning period, the females, nauplii,
and eggs were transferred to a petri dish and the females removed by pipette. Female
mortality was low; one female died in each of the starved and "Reduced Basic" diet
x 2 treatments. The eggs were settled (approximately I h) and the eggs and nauplii
counted with a dissecting microscope to determine the egg production rate during the
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spawning period. Once the counts were completed, the eggs and nauplii were
incubated for an additional 24 h (egg developmental period) and counted to
,,

determine hatching success.
Before the experimental beakers Were filtered, the contents of three beakers
from each experiment were swirled to evenly distribute the remaining microcapsules
and 5 ml aliquots were removed in an attempt to determine the ingestion rates for
copepods offered with the experimental diets. The aliquots were preserved with
Lugol's iodine and settled in a centrifuge tube for a minimum of24 h. Microcapsule
concentrations were determined with an inverted microscope. Because of clumping
and the production of small particle debris, ingestion rates could not be calculated for
all experiments.

3.3.6. Additional experiment
As a result of the low egg production rates I obtained with the experimental
diets in the first set of experiments, an additional experiment was conducted to
determine whether "flavoring" the microcapsules by soaking them in cell extract for
24 h prior to their use in experiments would increase egg production. Ca-alginate
microcapsules are non-permeable to low molecular weight molecules, e.g., amino
acids (Levine et aI., 1983). These water-soluble molecules, present in cell exudates,
have been reported to stimulate crustacean feeding activity (Strickler, 1982; 1985;
Gill and Poulet, 1988). Flavoring the microcapsules with cell extract was attempted
to tag the microcapsules with the chemical cues associated with algal cells.
"Basic" diet microcapsules were "flavored" for 24 h in an extract of T.
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weissflogii, R. lens, J galbana and 0. marina. The standard algal mixture (600 ml
containing approximately 2.0 x 106 T. weissflogii ml", 1.5 x 107 Lgalbana rnl", 2.1
x 107 R. lens mr' , and 1.4 x 104 0. marina mr') was filtered onto a GF Ie filter. The
cells were ruptured with a tissue grinder and extracted in 8 ml of deionized water.
The extract was centrifuged at 5000 rpm for 10 min. The supernatant was added to
the microcapsule suspension and stored at 5° C. The subsequent experimental
protocol was the same as that described above.
3.3.7. Statistical analysis
Egg production (EP = eggs female" day") data were not normally distributed
and therefore log transformed [x' = 10gIO(x +1)]. Hatching success (HS = 100 x
nauplii/eggs) data were arcsine transformed. Arcsine transformation changes
percentage data, which form binomial distributions, to data that are nearly normally
distributed (Zar, 1974).
Egg production and hatching success of experimental groups were compared
by ANOV A (Statistica for Windows, 3.5). Between-diet comparisons were made
with Tukey's multiple comparison test for unequal sample size. Mean EP and HS of
the group controls, as well as the mean EP and HS of the animals used in the
"flavored" microcapsule experiment, were compared by t-test (Statistica for
Windows, 4.5). A two-tailed variance ratio test was used to determine whether the
variance ofEP and HS on the experimental diets differed from that of the controls
(Zar, 1974).
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3.4. Results
3.4.1. Egg production
During the acclimation period [initial 24 h exposure to the experimental or
control (algal) diets], the EP ofthe experimental animals was lower than that ofthe
respective controls (Fig. 3.3 a, b). The EP of the experimental animals in group 1
decreased, while the EP of the control animals increased during the second 24 h
period (Fig. 3.3a). In group 2, egg production rates during the experimental period
decreased from that measured during the acclimation period for both the control and
experimental animals (Fig. 3.3b).
Egg production during the experimental period (post-acclimation) varied
significantly among treatments in both groups (ANOYA: group I p< 0.0001; group 2
p< 0.005). In group I, EP on the experimental diets differed significantly from that
of control (standard algal mixture), but there were no differences in EP among the
experimental treatments (Table 3.7). In group 2, EP of animals fed the "Basic" and
"Reduced PRO" diets did not differ significantly from the control (Table 3.7). Egg
production on the "Reduced LIP" diet differed significantly from the control, but not
from "Basic" or the "Reduced PRO" diets.
The EP of the control animals differed significantly between the two groups
(group 1 = 81.2 ± 23.1 eggs female" d-I, group 2 = 15.5 ± 8.2 eggs female'l d,l; t =
6.655, p < 0.0001). Therefore, the mean EP rates on the various diets were not
compared between the two groups.
3.4.2. Hatching success
The percent hatching success of eggs produced by the control animals in both
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Figure 3.3 Mean egg production of the experimental and control animals in (a) group 1
and (b) group 2. Vertical lines represent ± 1 standard deviation. (A: acclimation; E:
experimental; Control: mixed algal diet; RB: reduced basic diet; RBx2: reduced basic
diet x 2; St: starved; Basic: basic diet; RLlP: reduced lipid diet; RPRO: reduced protein
diet)
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Table 3.7. Results of ANOVA comparing the experimental (post-acclimation) mean
egg production within the two groups. Means that did not differ significantly, as
determined by Tukey's multiple comparison test, are connected by a vertical line.
(n: number of females)

Group

diet

n

mean ± std

Control

6

81.2±23.1

"Reduced Basic" diet x 2

9

3.8 ± 2.5

Starved

9

3.2 ± 1.8

10

3.0 ± 2.3

6

15.2 ± 8.5

"Basic" diet

10

7.5 ± 3.0

"Reduced PRO" diet

10

6.5 ± 3.8

"Reduced LIP" diet

10

4.5 ± 3.0

F

ANOVA

results
1

74.96

p < 0.0001

~

"Reduced Basic" diet

2

Control

90

5.71

p < 0.005

groups and the animals fed with the "Basic" diet averaged > 80%, while the eggs
produced by the starved females and those fed with the modified diets averaged <
80% (Fig. 3.4 a, b). Hatching success differed significantly within group 2 (F =
3.821, P <0.05), but not within group 1 (F=1.872, P >0.05). Hatching success of eggs
produced by females fed with the control diet differed significantly from that of
females fed the "Reduced LIP" diet, but not from the HS of eggs produced by
females fed the "Basic" or "Reduced PRO" diets (Table 3.8).
The difference between mean control HS in the two groups was not
significant

(t = 1.16, P > 0.05). While HS decreased with modifications in the

"Basic" diet, the sample variance differed from that of the control (Fig. 3.4 a, b). In
group 1, the variance ofHS of eggs produced by the females offered the "Reduced
Basic" diet and the "Reduced Basic" diet x 2 differed significantly from that of the
control (Fig. 3.4a; F= 17.26, P <

om

and F = 12.46, P < 0.05 for the "Reduced

Basic" diet and the "Reduced Basic" diet x 2, respectively). Comparisons within
group 2 indicated a significant difference between the variance ofHS of the control
and that of the "Reduced LIP" diet (Fig. 3.4b; F = 12.74, P < 0.05).
3.4.3. Ingestion
Microcapsule ingestion rates (microcapsules copepod'

1

d- ) could not be

determined because of the production of small sized particle debris. The average
diameter of the particles in the containers decreased between 42% to 62%, and it
was difficult to determine whether the smaller particles were microcapsules or pieces
of fecal material. Full fecal pellets were present in all experimental containers (with
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Figure 3.4. Mean hatching success of eggs produced by the experimental
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Table 3.8. Results of ANOVA comparing experimental (post-acclimation) mean
hatching success rates within the two group. Means that did not differ significantly,
as determined by Tukey's multiple comparison test, are connected by a vertical line.
(n: number offemales; n.s.: not significant)

Group

diet

n

mean ± std

F

Control

6

86.2 ± 8.8

1.87

n.s.

Starved

8

77.4 ± 23.2

"Reduced Basic" diet x 2

7

64.3 ± 31.4

"Reduced Basic" diet

9

46.3 ± 37.7

10

88.9 ± 12.4

3.82

p < 0.05

ANOVA

results
1

2

"Basic" diet
Control

G

30.8 ± 9.3

"Reduced PRO" diet

9

70.2± 15.9

"Reduced LIP" diet

9

54.3 ± 34.2
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the exception of the starved treatment, in which fecal pellets were empty) after the
spawning period, indicating that the animals had ingested the microcapsules.
3.4.4. Experiment with "flavored" microcapsules
Microcapsules were "flavored" with cell extract in an attempt to increase
ingestion rates and, in turn, EP. The experimental period egg production rates for the
animals fed with the "flavored Basic" diet were significantly lower than the control
EP (Fig. 3.5; t = 0.01, p < 0.0001). Also, the EP for the animals that received the
"flavored" microcapsules did not differ significantly from the EP of animals fed the
unflavored "Basic" diet during the previous experiment (t = 1.917, P > 0.05).
The HS of eggs produced by the animals fed the "flavored" microcapsules
did not differ significantly from the HS of eggs produced by the control animals or
the animals fed with the unflavored "Basic" diet (68.4% ± 35.5, 81.3% ± 11.5 and

~

88.9% ± 12.4, respectively). The variance ofHS, however, differed significantly
between treatments. The HS variance for the "flavored" microcapsule treatment
differed significantly from that of the control and the unflavored "Basic" diet (F
9.4, P < 0.01 and F

=

=

7.4, p< 0.01, respectively).

3.5. Discussion
3.5.1. Eggproduction
Egg production by A. tonsa is thought to be regulated by the female's recent
dietary history (Dagg, 1977). Eggs can be produced from nutrients ingested as few as
9.5 h prior to spawning (Tester and Turner, 1990). The egg production rates
measured during the acclimation period may have been the result of the short
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Figure 3.5. Mean egg production rates of the control animals fed on an algal mixture
and animals fed on the "Basic" diet which had been ''flavored'' with the extract of the
same algal mixture. Vertical lines represent ± standard deviation. (A: acclimation egg
prodcution; E: experimental egg production)

95

turnover period from ingestion to spawning of the animals (group I) fed with the
"Reduced Basic" diet (7.0 ± 2.4 eggs female-I d-I) and the "Reduced Basic" diet x 2
(7.3 ± 0.1 eggs female"), Egg production rates of Acartia spp. have been found to
decrease rapidly when there is a deterioration in the food environment (Kierboe et
aI., 1985; Durbin et aI., 1992). The concentrations of nutrients in the "Reduced
Basic" diet, combined with the animal's nutrient stores, may not have been sufficient
I
to maintain egg production rates >10 eggs female- d-I.
Inexperience in handling the microencapsulated

diet by the copepods may

also have contributed to the low EP rates. An animal's feeding behavior will be
affected quantitatively (ingestion rates) and qualitatively (particle size) by its past
feeding history (Donaghay and Small, 1979). A. clausi, preconditioned to large
particles, ingested only large particles (>98 %) when offered a mixture of both large
and small particles. Animals preconditioned to small particles ingested both
(Donaghay and Small, 1979). The microencapsulated

diets used in these experiments

ranged in diameter from 10 flm to 53 urn, while the size range of the culturing diet
was 5 urn to 12 urn, If A. tansa behaved in a manner similar to A. clausi,
preconditioning to the algal diet with the small size range should not have had a
major influence on ingestion of microcapsules and thus egg production. In fact, egg
production rates of the animals fed the "Basic," "Reduced LIP" and "Reduced PRO"
diets (group 2) were not as low as the rates of the animals in group 1. Egg production
rates of the experimental animals in group 2 averaged between 17.2 and 22.4 eggs
female-I d-I during the acclimation period (the period during which the copepods
were conditioned to the experimental diet). An additional 24 h on the experimental
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diets was required for the mean e!;,; production rates of the animals in group 2 to

Copepods use cbemicnl and mechanical signals to locate food items (Alcaraz
et aI., 1980; Strickler, 1982; Price et aI., 1983; Paffenhofer and Van Sant, 1985).
Because a mechanical signal is absent for animals feeding on a non-motile food,
chemical cues [amino acids (Strickler, 1982; 1985; Gill and Poulet, 1988)] become
the sole stimulus for feeding. Chemical cues from the "Reduced Basic" diet unlike
the other diets may have been insufficient to stimulate feeding activity. Acartiidae
have a pronounced ability to sense hydrouynarnic changes, but they have fewer
chemoreceptors on their first antennae than other copepod species (e.g., Calanus and
Centropages) (Paffenhofer and Stearns, 1988). However, the lack ofa chemical
signal seems unlikely for the remaining diets. Fecal pellets were present in the dishes
and the chemical cues, which stimulate feeding, would be released from
microcapsules broken during feeding. In addition, egg production rates did not
increase as a result of "flavoring" the "Basic" diet.
It has been suggested that an animal can compensate for poor quality food by
increasing its feeding activity (Brett, 19;'c; but also see Giani, 1991; Urabe and
Watanabe, 1993). Particle size can affect egg production if the particles are smaller
than the size range efficiently handled by the copepods (Paffenhofer 1971;
Berggreen et aI., 1988), but it has been found that this effect can be overcome by
high particle concentrations (price et aI., 1983; Stettrup and Jensen, 1990). There
was no evidence that increased particle concentration compensated for the low
nutrient concentration of the "Reduced Basic" diet. Neither egg production nor
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hatching success was improved by the increased particle concentration.
Ingestion rate values would have been useful to better understand the
difference in egg production rates between the experimental animals in groups 1 and
2. Unfortunately, the results of the ingestion experiments were inconclusive due to
the difficulty in determining whether small particles (approximately 10 to 15 urn in
diameter) were microcapsules or material from ruptured fecal pellets (initial
experiments).
3.5.2. Hatching success
The nutrients that a female puts into an egg are the embryo's sole source of
food for development through eclosion and the first non-feeding naupliar stage. If an
egg contains insufficient nutrients, development will stop at some point before
hatching and the embryo will die (Lonsdale and Levinton, 1985; Ianora et al., 1992).
Jonasdottir (1994) reported a correlation between hatching success and the
age ofthe phytoplankton culture that was used as food. However, with the exception
of the three amino acids, i.e., arginine, methionine and histadine, and the fatty acid
l8:ln7, no specific nutrients have been correlated with hatching success (Kleppel et
al., 1998). By altering the concentration of one nutrient, the metabolic cost of
assimilating the diet could increase if the PRO:CHO:LIP ofthe diet is significantly
altered from that of the animal. Proteins are required for the production of yolk
(proteins comprise approximately 24% of the wet weight of crustacean yolk),
nucleotides, enzymes, hormones and other nitrogen containing compounds
(Harrison, 1990). Protein concentration has been found to influence egg production
rates (Jonasdottir, 1994; J6nasd6ttir et al., 1995) and in the diet has been suggested
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as the limiting factor in copepod production (Checkley, 1980; Ambler, 1985;
Checkley et al., 1992; Jonasdottir, 1994; Anderson and Hessen, 1995; J6nasd6ttir et
al., 1995; Kleppel and Burkart, 1995).
In this study, a reduction in protein resulted in a lowered mean HS (67.5% ±
18.6) and an increase in variance, but neither the mean nor the variance differed
significantly from the control (80.8% ± 9.3). Unlike the reduction of dietary protein,
the reduction oflipid in the diet resulted in a significant decrease in HS (54.3% ±
34.2) from that of the control (80.8% ± 9.3). The increase in variance was also
significant.
Lipids are the predominant form of energy storage in animals, and are
required for the production of cell membranes. They are also a precursor to
,)

prostaglandins (Harrison, 1990), which are sexual regulatory hormones derived from
polyunsaturated fatty acids (Lehninger et aI., 1993). A. tonsa, like other low to
middle latitude and nearshore species have few lipid stores (Dagg, 1977; Bamstedt,
1986). This low lipid content (19.5% of dry weight; Houde and Roman, 1987) may
result in a strong dependence on recently ingested lipids for egg production. Adult A.
tonsa females sequester dietary lipids at a higher rate than other nutrients,
presumably for egg maturation (Roman, 1991). [Approximately 22% of the wet
weight of crustacean egg yolk is lipid (Harrison, 1990).] The amounts oflipids
available to the female to ripen a clutch of eggs may, in tum, impact on the lipid
content of the eggs. If insufficient neutral lipids are placed in the egg, the embryo
may deplete its energy stores before it has developed to eclosion (Lonsdale and
Levinton, 1985); the resulting clutch of eggs will have low viability. Copepods that
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store lipids (e.g., Calanus) are less affected by the short-term reduction of dietary
lipids. Their stores would act as a buffer against changes in the food environment
(Dagg, 1977).
The low HS of egg produced on the "Reduced Lipid" diet may reflect the
order in which nutrients are used for energy. Crustaceans use carbohydrates and then
lipids as an energy source, resorting to proteins as an "emergency fuel" when there
are insufficient quantities of the other nutrients (Blazka, 1966). The "Reduced LIP"
diet contained low concentrations of both lipids and carbohydrates. This may have
forced the females offered this diet to "bum" dietary and stored lipids along with
proteins, thus reducing the quantities of these nutrients available for their eggs. The
result would be the production of eggs that may have insufficient protein and neutral
lipids to fuel complete embryonic development. This may also explain why reducing
the protein concentration in the diet had less of an impact than the reduction of
dietary lipids. Less protein was available for the needs of the female and for egg
production. However, lipids were available to meet the needs of the female for both
energy and maintenance, as well as for egg production.
The greater reduction in HS for eggs produced on the low lipid diet, as
compared to the eggs produced on the low protein diet, and may be the result of the
nutrient sources used in each diet. A protein source other than fish meal was required
to produce the "Reduced LIP" diet. However, the protein source in this diet was the
same standard algal mixture that was fed to the copepod cultures.
3.5.3. Temporal variability of the copepod culture
One recurring theme throughout this study was t'le increase in the variability
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ofthe HS associated with changes in the nutrient concentration of the diet. This may
be attributed, in part, to the variability among the individual females (Barnstedt,
1988). The ages of the females could only be estimated, because the eggs used to
start the culture came from more than one 24h spawning period to ensure that there
were sufficient numbers of animals for the experiments. The copepods developed
from egg to mature adult (C6) in approximately two weeks. The acclimation of the
•
animals used in the second group of experiments began within two days of the start
of the acclimation period of group I. As long as food was abundant, EP remained
high (group I: > 80 eggs female-l dol). EP dropped rapidly once males were scarce
and the culture became dominat-ed by adult females and early stage nauplii (group 2).
The rapid change in egg production indicates the importance of understanding the
)

cycle of a culture so that experimental results can be interpreted correctly.

3.6. Summary
This study was an attempt to understand, through the manipulation of an
artificial diet, the influence of maternal diet on the hatching success of copepod eggs.
Previous studies compared the nutrient composition of the food environment to egg
production and hatching success (Stettrup and Jensen, 1990; Jonasdottir, 1994;
Jonasdottir et aI., 1995; Kleppel and Burkart, 1995, Kleppel et al., 1998), but these
measurements were only estimates of the nutrients available to the copepod and not
necessarily a representation of the nutrients consumed (Brett, 1993). In this study,
the attempt was made to determine the amount of nutrients consumed, but it was
unsuccessful.

\0\
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An artificial diet was developed with the capacity to 'Support the production
of viable eggs. Although egg production rates on the "Basic" diet were <10 eggs
female'l

a', the percentage

of eggs that hatched was comparable to the percent

hatched for eggs produced on the standard algal diet (control). The inability of the
females to sustain egg production on the artificial diet may indicate a nutrient(s) was
either missing or in insufficient quantities in the diet, but this is a common problem.
Commercial crustacean brooding diets have existed since the mid- 1980's for use in
aquaculture. However, the manufacturers acknowledge that their diets are incomplete
and recommend that their artificial diets not replace >50% of a natural diet
(Harrison, 1990).
While higher egg production rates would have been preferable for
comparisons ofthe modified diets, insight was gained into the influence of diet on
the production of viable eggs. A total nutrient reduction had a negative impact on
egg production. Hatching success was also negatively affected by the reduction of
nutrients. Increasing the particle concentration of the diet did not compensate for the
low concentration of nutrients in the diet.
Hatching success became more variable when the concentrations of specific
nutrients, i.e., protein and lipid, were altered. This suggests a possible cause for the
variable rates of hatching success which have been measured in the field (Ambler,
1985; Ianora et al., 1989; 1992; Ianora and Poulet, 1993; Laabir et al., 1995b; Chen
and Marcus, 1997; Chapter 1). Nutrient limitation (e.g., nitrogen limitation) can
produce modifications in algal cells such as reduced protein concentrations (Dortch
et al., 1985; Kohl and Nicklisch, 1988), pigment content (Kohl and Nicklisch, 1988)
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and the accumulation of neutral lipids low in (n-3) polyunsaturated fatty acids
(Spoehr and Milner, 1949; Fogg, 1959; Lewin, 1962). The variability in HS found in
the field (see Chapters 1 and 2) may be the result of the combined effects of past
feeding history [which can influence the fatty acid moieties in the female's neutral
lipids (Greave and Kattner, 1992)] and the nutrient concentration and composition of
the current food environment. If certain essential fatty acids or some other nutrients
are not available in sufficient quantities from both the food and the female's stores,
the female may be capable of producing eggs, but the eggs may not have the
necessary nutrients for development to eclosion.

103

Chapter 4
Conclusions
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Field experiments were conducted to determine the hatching success of eggs
produced by calanoid copepods from a variety of ecosystems. Experiments were
conducted with a total of eight species from six locations (Weddell Sea: Calanoides
acutus, Calanus propinquus, Metridea gerlachie; Irish Sea: Acartia clausi, Temora
longicornis; Gulf of Mexico: Temora stylifera, Undinula vulgaris; Port Everglades,
Florida: Acartia tonsa; Florida Bay: A. tonsa). No pattern was evident in hatching
success between species from the various locations. However, hatching success was
often highly variable among individuals of the same species. A. tonsa was the
exception, in that hatching success was usually> 80%, while individual variability
was low. On the few occasions when hatching success of A. tonsa eggs went below
80% [Port Everglades: March 1994 (78.9% ± 27.0), January 1996 (60.0% ± 42.4);
Florida Bay: September 1995 (Sprigger: 65.5% ± 44.1), October 1995 (Sandy:
41.0%± 12.7), November 1995 (Rankin: 67.6% ± 32.5)], individual variability was
often high. This suggests that hatching patterns may be affected a species' capacity
to store neutral lipids.
While the age ofthe females used in the field experiments may have had
some effect on the rates of egg production (as suggested by the reduced laboratory
egg production rates with increased culture age), the composition of the food
environment, may have made a major contribution to the variable hatching success
of eggs produced by the field-caught animals. Microzooplankton,

such as ciliates and

heterotrophic dinoflagellates may contain nutrients necessary copepod egg
production, while some species of diatom have be reported to reduce copepod egg
hatching success. (Elapsed time from the female's last mating may also have
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contributed to the variability in hatching success in the field. However, males were
incubated with the females during the laboratory experiments to decrease the
likelihood of the production of unfertilized eggs.) The decrease in hatching success,
accompanied by an increase in individual variability occurred in the laboratory
experiments conducted with A. tonsa fed microencapsulated

artificial diets.

Modification of the nutrient concentrations of the diet resulted in reduced percent
hatching success and increased variance around the mean.
One possible explanation of the variability in hatching success between A.
tonsa and the other species, may be the poor capacity of this species to sequester
neutral lipids, which serve as a buffer against fluctuations in the food environment. If
food concentrations decrease, a female with large lipid stores can mobilize those
stores to maintain her present rate of egg production, while the egg production rate of
a female that lacks large lipid stores may drop rapidly. However, fatty acid
composition of the neutral lipids stored by a female, as well as the lipids she places
in her eggs, can vary with past feeding history (i.e., the fatty acid profile of the
female and her eggs can reflect that of the food) and may influence the hatching
success of the eggs produced. Percent hatching success may drop, even though egg
production rates remained high, if the nutrient(s) essential for embryonic
development differ from the nutrient( s) essential for egg production, and if
insufficient quantities of the nutrient(s) necessary for complete embryonic
development were not available for placement in the eggs. However, this scenario
was not detected in experiments with A. tonsa. Copepods that do not store large
quantities of neutral lipids, on the other hand, may maintain high percentages of

106

hatching success even when the egg production rates drop, if sufficient essential
nutrients are available for the production of a few viable eggs.
The importance of specific nutrients to the production of viable eggs could
best be determined by the use of artificial diets. Unlike natural diets which can vary
with growing conditions, an artificial diet is reproducible and permits manipulation
of the various nutritional components. The use of an artificial diet also eliminates
any feeding preference that may result from the physical characteristics (e.g.,
motility, size) of the natural diet. With the use of artificial, microencapsulated
some insight was gained into the relationship between maternal diet and egg
hatching success, namely, a decrease in dietary lipids resulted in a decrease in
hatching success.

107

diets,

,
>

References
Alcaraz, M., G.-A. Paffenhofer, J.R. Strickler. 1980. Catching the algae: a first
account of visual observations on filter-feeding calanoids. In: Kerfoot, W.C.
[ed.] Evolution and Ecology of Zooplankton Communities. University of
New Hampshire, Hanover, pp. 241-248.
Ambler, J.W. 1985. Seasonal factors affecting egg production and viability of eggs
of Acartia tonsa Dana from East Lagoon Galveston, Texas. Est. Coast. Shelf
Sci., 20: 743-760.
Ambler, J.W. 1986. Effect of food quantity and quality on egg production of Acartia
tonsa Dana from East Lagoon, Galveston, Texas. Estuar. Coastal Shelf Sci.
23: 183-196.
Anderson, T.R. and D.O. Hessen. 1995. Carbon or nitrogen limitation in marine
copepods? J. Plankton Res. 17:317-331.
Atkinson, A. 1996. Subantarctic copepods in an oceanic, low chlorophyll
environment: ciliate predation, food selectivity and impact on prey
population. Mar. Ecol. Prog. Ser. 130: 85-96.
Bamstedt, U. 1986. Chemical composition and energy content. In: Comer, E.D.S.
and S.C.M. O'Hara [eds.]. The Biological Chemistry of Marine Copepods.
Clarendon Press, Oxford, pp. 1-58.
Bamstedt, U. 1988. Ecological significance of individual variability in copepod
bioenergetics. Hydrobiologia.

167/168: 43-59.

108

Ban, S. 1992. Effects of photoperiod, temperature, and population density on
induction of diapause egg production in Eurytemora afjinis
(Copedoda:Calanoida)

in Lake Ohnuma, Hokkaido, Japan. J. Crustacean

BioI. 12: 361-367.
Ban, S. and T. Minoda. 1994. Induction of diapause egg production in Eurytemora
afjinis by their own metabolites. Hydrobiologia. 292/293: 185-189.
Barnes, H. and J. Blackstock. 1973. Estimation oflipids in marine animals and
tissues: detailed investigation of the sulphophosphovanillin

method for 'total'

lipids. J. expo mar. BioI. EcoI. 12: 103-118.
Beers, J.R. and G.L. Stewart. 1970. The ecology of the plankton off La Jolla,
California in the period April-Sept., 1967. Part VI. Numerical abundances
and estimated biomass of microplankton. Bull. Scripps. Instn. Oceanogr.
(New Ser.) 17: 67-87.
Bellantoni, D.C. and W.T. Peterson. 1987. Temporal variability in egg production
rates of Acartia tonsa Dana in Long Island Sound. J. expo mar. BioI. EcoI.
107: 199-208
Berggreen, D., B. Hansen and T. Kierboe. 1988. Food size spectra, ingestion and
growth of the copepod Acartia tonsa during development: implications for
determination of cope pod production. Mar. BioI. 99: 341-352.
Blazka, P. 1966. Metabolism of natural and cultured populations of Daphnia related
to secondary production. Verh. Int. Ver. LimnoI. 16: 380-385.

109

Brett, M.T. 1993. Comment on "Possibility ofN and P limitation for planktonic
cladocerans: An experimental test" (Urabe and Watanabe) and ''Nutrient
element limitation of zooplankton production" (Hessen). Limnol. Oceanogr.
38' 1333-1337.
Carter, K. 1995. The egg production of calanoid copepods in coastal waters of
Florida and its relation to the nutritional environment. M.S. Thesis, Nova
Southeastern

University, Ft. Lauderdale, Florida,

Cary, S.C., J.T. Lovette, PJ. Perl, M.E. Huntley. 1992. A microencapsulation
technique for introducing pure compounds in zooplankton diets. Limnol.
Oceanogr. 37: 404-413 ..
Checkley, D.M. Jr. 1980. Food limitation of egg production by marine, planktonic
copepods in the sea off southern California. Limnol. Oceanogr. 25:991-998.
Checkley, D.M. Jr., MJ. Dagg, S. Uye. 1992. Feeding, excretion and egg production
by individuals and populations of the marine planktonic copepods Acartia
spp. and Centropagesfurcatus.

J. Plankton Res. 14: 71-96.

Chen, F. and N.H. Marcus. 1997. Subitaneous, diapause, and delayed-hatching

eggs

of planktonic copepods from the northern Gulf of Mexico: morphology and
hatching success. Mar. BioI. 127: 587-597.
Chu, F.E., K.L. Webb, D. Hepworth and M. Roberts. 1982. The acceptability and
digestibility of microcapsules cy the larvae of Crassostrea virginica. J.
Shellfish Res. 2: 29-34.

110

Chu, F.E., K.L. Webb, D.A. Hepworth and B.B. Casey. 1987. Metamorphosis of
larvae of Crassostrea virginica fed microencapsulated

diets. Aquaculture. 64:

185-197.
Claybrook, D.L. 1983. Nitrogen metabolism. In: Mantel, L.H. [ed.] the Biology of
Crustacea, Vol. 5: New York, NY. Academic Press. pp: 163-213.
Clayton, I.R., Q. Dortch, S.S. Thoresen and S.l. Ahmed. 1988. Evaluation of
methods for

the separation and analysis of proteins and free amino acids in

phytoplankton samples. J. Plankton Res. 10: 341-358.
Conover, R.I. 1967. Reproductive cycle, early development, and fecundity in
laboratory populations of the copepod Calanus hyperboreus. Crustaceana.
13: 62-72.
Cowles, TJ. and J.R. Strickler. 1983. Characterization of feeding activity patterns in
the planktonic copepod Centropages typicus Kroyer under various food
conditions. Limnol. Oceanogr. 28: 106-115.
Dagg, M. 1977. Some effects of patchy food environments on copepods. Limnol.
Oceanogr. 22: 99-107.
Deshirnaru, O. 1982. Protein and amino acid nutrition of the prawn Penaeus
japonicus. In: Pruder, G.S., CJ. Langdon and D.E. Conklin [eds.]
Proceedings of the Second International Conference on Aquaculture
Nutrition: Biochemical and Physiological Approaches to Shellfish Nutrition,
Louisiana State University, Baton Rouge, LA, pp: 106-123.
De Silva, A.A. and T.A. Anderson 1995. Fish Nutrition in Aquaculture. Chapman
and Hall.

III

Donaghay, P.L. an L.F. Small. 1979. Food selection capabilities of the estuarine
copepodAcartia

clausi. Mar. BioI. 52: 137-146.

Dortch, Q., J.R Claytonjr., S.S. Thoresen, J.S. Cleveland, S.L. Bressler, S.L Ahmed.
1985. Nitrogen storage and use of biochemical indices to assess nitrogen
deficiency and growth rate in natural plankton populations. J. Mar. Res. 43:
437-464.
Dubois, M., K.S. Gilles, J.K. Hamilton, P.A. Rebers and F. Smith. 1956.
Colorimetric method for the determination of sugars and related substances.
Anal. Chern. 28: 350-356.
Durbin, E.G., A.G. Durbin and RG. Campbell. 1992. Body size and egg production
in the marine copepod, Acartia hudsonica, during a winter-spring diatom
bloom in Narragansett Bay. Limnol. Oceano gr. 37: 342-360.
Durbin, E.G., A.G. Durbin, T.J. Smayda and P.G. Verity. 1983. Food limitation of
production by adult Acartia tonsa in Narragansett Bay, Rhode Island.
Limnol. Oceanogr. 26(6): 1199-1213.
Ederington, M.C., G.B. McManus and H.R Harvey. 1995. Trophic transfer of fatty
acids, sterols, and a triterpenoid alcohol between bacteria, ciliate, and the
copepod Acartia tonsa. Limnol. Oceanogr. 40: 860-867.
Fogg, G.E 1959. Nitrogen nutrition and metabolic patterns in algae. Symp. Soc. Exp.
Bio1.13: 106-125.

112

-'

Fourqurean, J.W. R.D. Jones. 1993. Processes influencing water column nutrient
characteristics and phosphorous limitation of phytoplankton biomass in
FloridaBay,FL,

USA: inferences from spatial distributions. Estuar. Coastal.

Shelf Sci. 36: 295-314.
Fourqurean, J.W., J.C. Zieman and G.Y.N. Powell. 1992. Phosphorus limitation of
primary production in Florida Bay: Evidence from C:N:P ratios of the
dominant seagrass Thalassia testudinum. Limnol. Oceanogr. 37: 162-171.
Fulton, J. 1973. Some aspects of the life history of Calanus plumcrus in the Straits of.
Georgia. J. Fish. Res. Board Can. 30: 811-815.
Giani, A. 1991. Implications of phytoplankton chemical composition for
zooplankton

production: experimental evidence. Oecologia. 87: 409-416.

Gifford, DJ. 1991. The protozoan-metazoan

trophic link in pelagic ecosystems. J.

Protozool. 38: 81-86.
Gill, C.W. and S.A. Poulet. 1988. Responses of cope pods to dissolved free amino
acids. Mar. Ecol. Prog. Ser. 43: 269-276.
Goad, L.J. 1981. Sterol biosynthesis and metabolism in marine invertebrates. Pure
and Appl. Chern. 51: 837-852.
Greave, H. and G. Kattner. 1992. Species-specific differences in intact wax esters of
Calanus hyperboreus and Canalus finmarchicus from Fram Strait-Greenland.
Mar. Chern. 39: 269-281.

113

Guillard, R. 1975. Culture of phytoplankton for feeding marine invertebrates. In:
Smith, W.L., M.H. Chanley [eds.] Culture of marine invertebrate animals.
Plenum Press, pp: 29-60.
Guisande, C. and R. Harris. 1995. Effects of total organic content of eggs on
hatching success and naupliar survival in the copepod Calanus
helgolandicus. Limnol. Oceano gr. 40: 476-482.
Harding, J.P. and S.M. Marshall. 1955. Triploid nauplii of Calanus finmarchicus,
Nature. 175:175.
Harrison, K. 1990. The role of nutrition in maturation, reproduction and embryonic
development of decapod crustaceans: A review. J. Shellfish. Res. 9: 1-28.
Harvey, H.R. and G.B. McManus. 1991. Marine ciliates as a widespread source of
tetrahymanol and hopan-Jjl-ol in sediments. Geochimica Cosmochinica Acta.
55: 3387-3390.
Head, EJ.H. 1992. Comparison ofthe chemical composition of particulate material
and copepod fecal pellets at stations offthe coast of Labrador in the Gulf of
St. Lawrence. Mar. BioI. 112: 593-600.
Holmquist, J.G., G.V.N. Powell and S.M. Sogard. 1989. Sediment, water level and
water

temperature characteristics of Florida Bay's grass-covered mud

banks. Bull. Mar. Sci. 44: 348-364.
Houde, S.E. and M.R. Roman. 1987. Effects of food quality on the functional
ingestion response of the copepod Acartia tonsa. Mar. Ecol. Prog. Ser. 40:
69-77.

114

Hopkins, T.L. and J.J. Torres. 1989. Midwaterfood

web in the vicinity of a

marginal ice zone in the western Weddell Sea. Deep-Sea Res. 36: 543-560 .
. Huntley, M.E., P. Sykes, S. Rohen, V. Marin. 1986. Chemically mediated rejection
of dinoflagellate prey by copepods Calanus pacificus and Paracalnus parvus:
mechanisms, occurrences, significance. Mar. Ecol. Prog. Ser. 28: 105-120.
Ianora, A. and B. Scotto di Carlo. 1988. Observations on egg production rates and
seasonal changes in internal morphology of Meaiterranean populations of
Acartia clausi and Centropages typicus. Hydrobiologia. 167/168: 247-253.
Ianora, A. and 1. Buttino. 1990. Seasonal cycles in population abundances and egg
production rates in the planktonic copepods Centropages typicus and Acartia
clausi. J. Plankton Res. 12: 473-481.
Ianora, A. and S.A. Poulet. 1993. Egg viability in the copepod Temora stylifera.
Limnol. Oceano gr. 38: 1615-1628.
Ianora, A., B. Scotto di Carlo and P. Mascellaro. 1989. Reproductive biology of the
planktonic copepod Temora stylifera. Mar. BioI. 101: 187-194.
Ianora, A., M.G. Mazzocchi and R. Grottoli. 1992. Seasonal fluctuations in fecundity
and hatching success in the planktonic copepod Centropages typicus. J.
Plankton Res. 14: 1483-1449.
J6nasd6ttir, S.H. 1994. Effects of food quality on the reproductive success of Acartia
tonsa and Acartia hudsonica: laboratory observations. Mar. BioI. 121: 67-81.
Jonasdottir, S.H., D. Fields and S. Pantoja. 1995. Copepod egg production in Long
Island Sound, USA, as a function of the chemical seston. Mar. Ecol. Prog.
Ser. 119: 87- 98.

115

Jones, D.A. and P.A. Gabbott. 1974. Prospects for the use of microcapsules as food
I

particles for marine particulate feeders. In. Microencapsulation.

J.R. Nixon

[ed.], pp. 77-91. Marcel Dekker Inc. New York.
Jones, D.A., K. Kurmaly and A. Arshard. 1987. Penaeid shrimp hatchery trials using
microencapsulated

diets. Aquaculture. 64: 133-146.

Jones, D.A., A. Kanazawa and K. Ono. 1979. Studies on the nutritional requirements
of the larval stages of Penaeus japonicus using microencapsulated

diets. Mar.

BioI. 54: 261-267.
Jones, D.A., J.G. Munford and P.A. Gabbot!. 1974. Microcapsules as artificial food
for particles for aquatic filter feeders. Nature. 247: 233-234.
Kachigan, S.K. 1982. Multivariate Statistical Analysis. Radius Press. New York.
Kanazawa, A. 1982. Penaeid nutrition. In: Pruder, G.S., C.J. Langdon and D.E.
Conklin [eds.] Proceedings of the Second International Conference on
Aquaculture Nutrition: Biochemical and Physiological Approaches to
Shellfish Nutrition, Louisiana State University, Baton Rouge, LA, pp: 87105.
Kiarboe, T., F. Mohlenberg and K. Hamburger. 1985. Bioenergetics of the
planktonic copepod Acartia tonsa: relationship between feeding, egg
production and respiration, and composition of specific dynamic action. Mar.
Ecol. Prog. Ser. 26: 85-97.
Kierboe, T., F. Mohlenberg and P. Tiselius. 1988. Propagation of planktonic
copepods: production and mortality of eggs. Hydrobiologia. 167/168: 219225.

116

-------------------------------------------~

Kleppel, G.S. 1992. Environmental regulation offeeding and egg production by

,

Acartia tonsa off southern California. Mar. BioI. 112: 57-65.
Kleppel, G.S. 1993. On the diets ofcalanoid copepods. Mar. Ecol. Prog. Ser. 99:183195.
Kleppel, G.S. 1996. State of Florida's Estuaries and Future needs in Estuarine
Research. Part 1. A Synopsis of Florida Estuarine Resources with
Recommendations

for their Conservation and Management. Technical Report

#85. Florida Sea Grant, Gainsville.
Kleppel, G.S. and C.A. Burkart. 1995. Egg production and the nutritional
environment of Acartia tonsa: the role of food quality in copepod nutrition.
ICES J. Mar. Sci. 52: 297-304.
Kleppel, G.S, D.V. Holliday, R.E. Pieper. 1991. Trophic interactions between
copepods and microplankton: a question about the role of diatoms. Limnol.
Oceanogr. 36: 172-178.
Kleppel, G.S., C.S. Davis, K. Carter. 1996. Temperature and copepod growth in the
sea: a comment on the temperature-dependent

model of Huntley and Lopez.

Am. Nat. 148: 397-406.
Kleppel, G.S., C.A. Burkart, L. Houchin and C. Tomas. 1998. Egg production of the
copepod Acartia tonsa in Florida Bay during summer. 1. The roles offood
environment and diet. Estuaries. 21 :228-239.
Kohl, J.G. and A. Nicklisch. 1988. Okophysiologie der Algen. Wachstum un
Ressourcenutzung.

Gustav Fisher Verleg, Stuttgart.

117

~',
,

>

Kurmaly, K., D.A. Jones and A.B. Yule. 1990. Acceptability and digestion of diets
fed to larval stages of Homarus gammarus and the role of dietary
conditioning behaviour. Mar. BioI. 106: 181-190.
Laabir, M., S.A. Poulet and A. Ianora. 1995a. Measuring production and viability of
eggs in Calanus helgolandicus. J. Plankton Res. 17: 1125-1142.
Laabir, M., S.A Poulet and A Ianora, A Miralto and A. Cueff. 1995b. Reproductive
response of Calanus helgolandicus. II. In situ inhibition of embryonic
development. Mar. Ecol. Prog. Ser. 129: 97-105.
Langdon, CJ. 1989. Preparation and evaluation of protein microcapsules for a
marine suspension-feeder, the Pacific oyster Crassostrea gigas. Mar. BioI.
102:217-224.
Langdon, CJ. and MJ. Waldock. 1981. The effect of algal and artificial diets on the
growth and fatty acid composition of Crassostrea gigas spat. J. mar. bioI.
Ass. UK 61: 431-448.
Lapointe, B.E. 1989. Macroalgal production and nutrient relations in oligotrophic
areas of Florida Bay. Bull. Mar. Sci. 44: 213-223.
nd

Lehninger, AL., D.L. Nelson, M.M. Cox. 1993. Principals of Biochemistry. 2

Ed.

Worth Publishers, Inc., New York.
Levine, D.M., S.D. Sulkin, L. Van Heukelem. 1983. The design and development of
microencapsulated diets for the study of nutritional requirements of
brachyuran crab larvae. In: Berg, CJ. [ed.]. Culture of Marine Invertebrates:
selected readings. Hutchinson Ross. pp: 193-203.

118

Lewin, R.A. 1962. Physiology and Biochemistry of Algae. Academic Press. New
York.
Lonsdale, D.J. and J.S. Levinton. 1985. Latitudinal differentiation in embryonic
duration, egg size and newborn survival in a harpacticoid copepod. Biol,
Bull. 168: 419-431.
Lopez, M.D. G., M.E. Huntley and J.T. Lovette. 1993. Calanoides acutus in Gerlache
Strait, Antarctica. I. Distribution oflate copepodite stages and reproduction
during spring. Mar. Ecol. Prog. Ser. 100: 153-165.
Lowry, O.H., N.I. Rosebrough,AL.

Farr and R.I. Randall. 1951. Protein

measurement with Folin-phenol reagent. J. Biol. Chern. 193: 265-272.
Marcus, N.H. 1980. Photoperiodic control of diapause in the marine calanoid
copepodLabidocera

aestiva. BioI. Bull. 159: 311-318.

Marcus, N.H. 1990. Calanoid copepod, cladoceran, and rotifer eggs in sea-bottom
sediments of northern Californian coastal waters: identification, occurrence
and hatching. Mar. Biol. 105: 413-418.
Marshall, S.M. and A.P. Orr. 1955. The biology of the marine copepod, Calanus
finmarchicus (Gunnerus). Oliver and Boyd, Edinburgh.
Morey-Gaines, G.1980. The ecological role of dinoflagellate blooms in Los AngelesLong Beach Harbor. Ph.D. dissertation, University of Southern California,
Los Angeles.
Orth, R.I. and K.I. Moore. 1983. Chesapeake Bay: An unprecedented decline in
submerged aquatic vegetation. Science. 222: 51-53.

-

-

-

-----------

Ozkizilick, S., F.E. Chu. 1994. Uptake and metabolism ofliposomes

by Artemia

nauplii. Aquaculture. 128: 131-141.
Paffenhofer, G.-A. 1971. Grazing and ingestion rate of nailpi ii, copepodites and
adults of the marine planktonic cr-pepod Calanushelgolandicus.

Mar. BioI.

II: 286-298.
Paffenhofer, G.-A and KB. Van San!. 1985. The feeding response of a marine
planktonic copepod to quality and quantity of particles. Mar. Ecol. Prog. Ser.
27: 55-65.
Paffenhofer, G.-A and D.E. Stearns. 1988. Why is Acartia tonsa (Copepoda:
Calanoida) restricted to nearshore environments? Mar. Ecol. Prog. Ser. 42:
33-38.
Parrish, KK and D.F. Wilson. 1978. Fecundity studies on Acartia tonsa (Copepoda:
Calanoida) in standard culture. Mar. Biol. 46: 65-81.
Parsons, T.R., K Stephens, I.D.H. Strickland. 1961. In the chemical composition of
eleven species of marine phytoplankton. 1. Fish. Res. Bd. Can. 18: 10011016.
Peterson, G.L. 1977. A simplification of the protein assay method of Lowry et al.
which is more generally applicable. Anal. Biochem. 83: 345-356 .

•
Peterson, W.T. and W.I. Kimmerer. 1994. Processes controlling recruitment of the
marine copepod Temora longicornis in Long Island Sound: Egg production,
egg mortality, and cohort survival rates. Limnol. Oceanogr. 39: 1594-1605.
Poulet, S.A. and P. Marso!. 1978. Chemosensory grazing by marine calanoid
copepods. Science. 200: 1403-1405.

120

Poulet, S.A., A. Ianora, A. Miralto and L. Meijer. 1994. Do diatoms arrest embryonic
development in copepods? Mar. Ecol, Prog. Ser. 111: 79-86.
Poulet, S.A., M. Laabir, A. Ianora and A. Miralto. 1995. Reproduction response of
Calanus helgolandicus. 1. Abnormal embryonic and naupliar development.
Mar. Ecol. Prog. Ser. 129: 85-95.
Price, H.J., Paffenhofer, G.-A. and 1.R. Strickler. 1983. Modes of cell capture in
calaniod copepods. Limnoi. Oceanogr. 28: 116-123.
Provasoli, L. and A. D' Agostino. 1969. Development of artificial media for Artemia
salina. BioI. Bull. 136: 434-453.
Roberts, K.A., G.S. Kleppel, CA. Burkart and K. Carter. 1994. Egg production of
the calanoid copepod Calanoides acutus (Giesbrecht) in the Weddell Sea
during spring. Antarct. I. U.S. 29: 155-157.
Roman, M.R. 1984. Utilization of detritus by the copepod, Acartia tonsa. Limnoi.
Oceanogr. 29: 949-959.
Roman, M.R. 1991. Pathways of carbon incorporation in marine copepods: Effects
of developmental stage and food quality. Limnol. Oceanogr. 796-807.
Runge, I.A. 1988. Should we expect a relationship between primary production and
fisheries? The role of copepod dynamics as a filter oftrophic variability.
Hydrobiologia. 167/168: 61-71.
Santella, L. and A. Ianora. 1990. Subitaneous and diapause eggs in Mediterranean
populations of Pontella mediterranea (Copepoda: Calanoida): a
morphological study. Mar. BioI. 105: 83-90.

121

Schnack-Schiel, B. and W. Hagen. 1994. Life cycle strategies and seasonal
variations in distributions and population structure of four dominant calanoid
copepod species in the eastern Weddell Sea, Antarctica. J. Plankton Res. 16:
1543-1566.
Scott, J.M. 1980. Effect of growth rate of the food alga on the growth/ingestion of a
marine herbivore. J. mar. bioI. Ass. U.K. 60: 681-702.
Sherr, B.F., E.B. Sherr, T.L. Andrew, R.D. Fallon and S.Y. Newell. 1986. Trophic
Interactions between heterotophic protozoa and bacterioplankton in estuarine
water analyzed with selective metabolic inhibitors. Mar. Ecol. Prog. Ser. 32:
169-179.
Siegel, S. 1956. Nonparametric Statistics for the Behavioral Sciences. McGraw-Hill,
New York.
Smith, S.L. and P.V.Z. Lane. 1985. Laboratory studies of the marine copepod
Centrapages typicus: egg production and development rates. Mar. BioI. 85:
153-162.
Spoehr, H.A. and H.W. Milner. 1949. The chemical composition of Chlorella: effect
of environmental conditions. Plant Physiol. 24: 120-149.
Stearns, D.E., P.A. Tester, R.L. Walker. 1989. Diel changes int he egg production
rate of Acartia tonsa (Copepoda, Calanoida) and related environmental
factors in two estuaries. Mar. Ecol. Prog. Ser. 52: 7-16.

122

Sterner, RW., D.D. Hagemeier, W.L. Smith and R.F. Smith. 1993. Phytoplankton
nutrient limitation and food quality for Daphnia. Limnol. Oceanogr. 38: 857871.
Stoecker, D.K. and D.A. Egloff. 1987. Predation by Acartia tonsa Dana on
planktonic ciliates and rotifers. J. expo mar. BioI. Ecol. 110: 53-68.
Stoecker, D.K. and J.M. Capuzzo. 1992. Predation on protozoa: its importance to
zooplankton. J. Plankton Res. 12: 891-908.
Stettrup, J.G. and J. Jensen. 1990. Influence of algal diet on feeding and egg
production of the calanoid copepod Acartia tonsa Dana. J. expo mar. BioI.
Ecol. 141:87-105.
Strathmann, R.R 1967. Estimating the organic carbon content of phytoplankton
from cell volume or plasma volume. Limnol. Oceanogr. 12: 114-418.
Strickler, J.R. 1982. Calanoid copepods, feeding currents and the role of gravity.
Science. 218: 158-160.
Strickler, J.R 1985. Feeding currents in calanoid copepods: two new hypotheses, In:
Laverack, M.S. [ed.], Physiological Adaptations of Marine Animals. Symp.
Soc. Exp. BioI. 89: 459-485.
Swadling, K.M. and N.H. Marcus. 1994. Selectivity in the natural diets of Acartia
tonsa

Dana (Copepoda: Calanoida): Comparison of juvenile and adults. J.

expo mar. BioI. Ecol. 181: 91-103.
Taghon, G.L. 1981. Beyond selection: Optimal ingestion rate as a function of food
value. Am. Nat. 118: 202-214.

123

Tomas, CR. 1993. Marine Phytoplankton: A Guide to Naked Flagellates and
Coccolithophorids. Academic Press. San Diego.
Tester, P.A. and J.T. Turner. 1990. How long does it take copepods to make eggs? J.
expo mar. BioI Ecol. 141: 169-182.
Trijillo-Ortiz, A. 1990. Porciento de eclosi6n, producci6n de huevos y tiernpo de
desarrollo de Acartia californiensis Trinast (Copepoda:Calanoida)

bajo

condiciones de laboratorio. Ciencias Marias. 16: 1-22.
Urabe, J. and Y. Watanabe. 1993. Implications of sestonic elemental ratio in
zooplankton

ecology: Reply to the comment by Brett. Limnol. Oceano gr.

38: 1337-1340.
Dye, S. 1981. Fecundity studies of neritic calanoid copepods Acartia clausi
Giesbrecht and Acartia steueri Smirnov: a simple empirical model of daily
egg production. J. expo mar. BioI. Ecol. 50: 255-271.
Dye, S. 1985. Resting egg production as a life history strategy of marine planktonic
copepods. Bull. Mar. Sci. 37: 440-449.
Dye, S. 1996. Induction of reproductive failure in the planktonic copepod Calanus
pacificus by diatoms. Mar. BioI. Prog. Ser. 133: 89-97.
Villamar, S.F. and C,J. Langdon. 1993. Delivery of dietary components to larval
shrimp (Penaeus vannamei) by means of complex microcapsules. Mar. BioI.
115: 635-642.
Wang, J.D., J. van de Kreeke, N. Krishnan and D. Smith. 1994. Wind and tide
response in Florida Bay. Bull. Mar. Sci. 54: 579-601.

124

------------------------------_.-

-

Williamson, C.E. and N.M. Butler. 1987. Temperature, food and mate limitation of
copepod reproductive rates: separating the effects of multiple hypotheses. J.
Plankton Res. 9: 821-836.
Zar, J.R. 1974. Biostatistical Analysis. Prentice-Hall, Inc. Englewood Cliffs, New
Jersey.
Zieman, J.C., J.W. Fourqurean and R.L. Iverson. 1989. Distribution, abundance and
productivity of seagrasses and macroalgae in Florida Bay. Bull. Mar. Sci. 44:
292-311.

125

